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The method of Warburg and Christian for the isolation of crystalline 
yeast triosephosphate! dehydrogenase involves the fractional precipitation 
of proteins with nucleic acid at varying pH and subsequent removal of the 
nucleic acid with protamine (1). The fraction described as containing 
most of the enzymatic activity and used by these workers for the prepara- 
tion of the crystalline protein was precipitated between pH 4.75 and 4.50. 
Meyerhof and Junowicz-Kocholaty found it advisable to use the fraction 
obtained between pH 5.0 and 4.6 in order to avoid excessive loss of total 
enzyme activity (2). They did not attempt to crystallize the enzyme, but 
their preparation was reported to have the same specific activity as that of 
Warburg and Christian. In the present study it was found that crystalline 
protein could be obtained only from fractions precipitated in the pH range 
described by Warburg and Christian, but fractions equally active enzymat- 
ically were obtained at the higher pH values. Electrophoretic analyses of 
these latter fractions revealed that they contained very little of the com- 
ponent having the mobility of the crystalline protein which has been identi- 
fied as triosephosphate dehydrogenase. This paper gives a detailed ac- 
count of these findings and attempts to explain the high enzymatic activity 
of fractions which are grossly inhomogeneous electrophoretically. 


EXPERIMENTAL 


Fractionation of Yeast J uice—The procedure of Warburg and Christian 
(1) for the isolation of crystalline triosephosphate dehydrogenase was fol- 
lowed exactly, except that in the nucleic acid-protein precipitation step 
none of the fractions was discarded. <A brief outline of the procedure is as 
follows: 


* Present address, University of Washington, Department of Biochemistry, Se- 
attle, Washington. 

'Triose phosphate is used as an abbreviation for glyceraldehyde-3-phosphate 
throughout this paper. 
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Step 1—Precipitation of proteins plus nucleic acids from crude yeast 
juice with acetone and the drying of this precipitate. 

Step 2—Extraction of the acetone powder with water and denaturation 
of contaminating proteins by heating to 55°. 

Step 3—Modified from the original procedure to obtain fractions repre- 
senting essentially all of the proteins precipitable with nucleic acid. 


Supernatant from Step 2 (contains nucleic acid and proteins, pH 6.2) 
Adjust to pH 5.2 with 0.2 N acetic acid; centrifuge 


Supernatant Ppt. A 
Adjust to pH 4.8; centrifuge 


Supernatant Ppt. B 
Adjust to pH 4.6; centrifuge 


Supernatant Ppt. C 
| Add more yeast nucleic acid? and adjust to pH 4.5: centrifuge 


| 
Supernatant (contains only traces of protein) Ppt. D 


Discard 


In the original procedure (1) the precipitate formed between pH 6.2 and 
pH 4.75 was discarded. The fraction from pH 4.75 to 4.5 was combined 
with a second precipitate obtained after addition of more nucleic acid at 
pH 4.5. This combined fraction was treated as described in Steps 4 to 6. 
In the present modification these steps were followed separately for each of 
Fractions A to D. 

Step 4—Solution of the nucleic acid-protein precipitate in H.O by adjust- 
ing the pH to 6.0. Removal of the nucleic acid with protamine.’ 

Step 5—Adsorption of impurities with aluminum hydroxide. 

Step 6—Heating to 60° and removal of denatured proteins by centrifuga- 
tion. 

Warburg and Christian described the enzyme at this stage as “nearly 
pure,”’ and changes in specific activity on crystallization were insignificant. 
Unless indicated otherwise, the studies described in this paper were carried 
out on the protein solutions obtained after Step 6 before any attempts to 
crystallize the enzyme. Steps 4 to 6 resulted in the loss of not more than 
20 per cent of the protein in any of Fractions A to D. Approximately the 
same amount of total protein was recovered in each fraction. 


? For each 28 gm. of acetone powder used as starting material in Step 2, 500 mg. of 
nucleic acid are added. 

3 Salmine was used in this study instead of sturin employed in the original pro- 
cedure. 
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Triosephosphate Dehydrogenase Activities—-The method of Warburg and 
Christian (1) for the measurements of triosephosphate dehydrogenase ac- 
tivity was followed. Reaction mixtures were identical in composition to 
those described except for the inclusion of cysteine, which was found nee- 
essary for maximal activity (3). Specifie activities were calculated in the 
terms used by Warburg and Christian (1): second order rate constant 
(em.2 min.~' mole) divided by enzyme concentration in the reaction mix- 
tures (mg. em.~*). Protein concentrations were determined by the method 
of Robinson and Hogden (4). 


TABLE I 
Specific Triosephosphate Dehydrogenase Activities of Fractions Obtained by Nucleic 
Acid Precipitation 

The method of fractionation is described in the text. Preparations 1 to 3 were 
made with Fleischmann’s bakers’ veast as starting material. Preparations 4 and 5 
were made from Anheuser-Busch bakers’ veast. Fraction D activity was taken 
as 100 in each preparation. The author wishes to thank Anheuser-Busch, Inc., of 
St. Louis and Standard Brands Incorporated of Sumner, Washington, for generous 
samples of starch-free bakers’ yeast. 


Preparation No. Fraction A Fraction B Fraction C | Fraction D 
1 SS 111 100 100 
2 98 Sl 100 
3 106 115 100 100 
4 109 126 130 100 
5 92 77 83 100 
Average......... 99 105 99 | 100 


Table I shows the specific activities of each fraction relative to Fraction 
D for five separate preparations. For each preparation the activity tests 
were conducted on the same day under identical conditions.” It can be 
seen that all the fractions appear to have nearly the same specific activity. 
This result was surprising, since only Fractions C and D correspond to the 
fraction saved by Warburg and Christian (1); vet they described the frac- 
tional precipitation of proteins with nucleic acid as the most important step 
in the isolation of triosephosphate dehydrogenase. In actual units of spe- 
cific enzymatic activity, the activities shown in Table I range from 6.8 X 
10° to 11.8 & 10° units per mg. at testing temperatures between 23—28°. 
Warburg and Christian (1) report values between 5.8 X 10° and 8.1 X 10° 
in tests at 20° for their pure enzyme. 


‘The tests were conducted at the prevailing room temperature, which varied be- 
tween 23-28° on different days. 


od 
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Crystallization of Protein from Fractions C and D--Warburg and Christian 
obtained crystalline protein from their fraction from pH 4.75 to 4.50 by 


wddition of (NH4)2SO; to faint turbidity, followed by raising the pI with 


1234 


Fic. 1. Electrophoretic patterns of fractions obtained by nucleic acid precipita- 
tion. The fractions are designated by the letters between the ascending and de- 
scending patterns. D, designates crystals obtained from Fraction D. The time of 
electrophoresis was 120 minutes in each case at field strengths between 10.7 and 11.0 
volts per cm. All determinations in phosphate buffer of w« = 0.1, pH 7.25. The 
components are numbered for reference as described in the text. 


NH,OH. When this procedure was applied to each of Fractions A to D, 
crystallization was obtained readily in Fraction D, after long standing in 
Fraction C, but not in Fraction A or B even after seeding with crystals 
from Fraction C or D. There was no increase in specific enzymatic activity 
after crystallization or recrystallization of the protein. 

Electrophoretic Patterns of Fractions A to D—Flectrophoretic analyses of 
the fractions were carried out with the Perkin-Elmer model 38 electro- 
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phoresis apparatus with a 2 ml. cell. Pictures were taken by the Longs- 
worth scanning method. Runs were made in phosphate buffer (u = 0.1, 
pH 7.25) after 24 hours dialysis. Mobilities were calculated from mea- 
surements on the descending side. The determination of concentrations 
of electrophoretic Components was made from area determinations on en- 
larged tracings of ascending patterns. 


Taste Il 
Electrophoretic Analysis of Fractions A to D 


Fraction* Component 1 Component 2 Component 3 Component 4 
A, % composition. ....... 16.8 45.58 6.9 
—4.1 X 10° 5°-—3.3 10°%-2.5 10% —-1.8 10°5 
B, % composition. ....... 32.7 49.2 15.7 2.4 
D, % 79.0 21.0 
Crystals from D, % com- 


Crystals from D, mobility? 10°—3.3 K 10° 
* Preparation | (see Table 1). 
t Cm.? volt" ' see.~'; determination in phosphate buffer, pH 7.2, 0.1 ionie strength. 


All components migrating toward the anode. 


8 32 


Fig. 2. Selected photographs of the ultracentrifugal pattern of Fraction B (see 
the text). The numbers below each photograph denote minutes at 59,780 r.p.m. 


Fig. 1 shows the electrophoretic patterns of Fractions A to D and of 
crystals obtained from Fraction D. The components are numbered in 
order of decreasing rate of migration toward the positive pole. Table II 
gives the percentage composition of components in the different fractions. 
The mobilities of the components are calculated for Fraction A and also 
for the crystalline protein. It can be seen that there is no single com- 
ponent appearing as a constant percentage of the total protein in all of the 
fractions; yet this would be expected, since the specific activities of the 
fractions were equal. Crystalline protein from Fraction C or D after 
several recrystallizations was electrophoretically homogeneous to the extent 


» 
: 
P 
6 
‘ 


476 YEAST DEHYDROGENASE. I 


of showing only a single peak (mobility of Component 1). The activity 
remained the same. If this protein was identified as the enzyme, then 
Fraction A would be expected to have only one-sixth of the activity found. 

Separation of Components by Electrophoresis—In a single experiment with 
a sectional electrophoresis cell, solutions containing pure Component | and 
almost pure Component 3 were isolated from a Fraction B sample contain- 
ing only a trace of Component 4. The specific activities of the two isolated 
components were identical within the limits of the test system, and the 
activity was within 75 per cent of the specific activity of the original 
Fraction B sample. It is not unlikely that the enzyme deteriorated slightly 
in the procedure. 

(ltracentrifugal Pattern of Fraction B-— This fraction from Preparation 2 
(Table 1) was diluted to 1 per cent protein with | per cent NaCl and 
analyzed in the Spinco ultracentrifuge at 59,780 r.p.m. Fig. 2 shows the 
pattern at 8, 32, and 64 minutes. There is no evidence of the inhomogene- 
itv observed electrophoretically. This particular fraction showed 42 per 
cent of Component 1, 42 per cent of Component 2, 12 per cent of Com- 
ponent 3, and 4 per cent of Component 4. 


DISCUSSION 


The eatire nucleic acid-protein precipitation procedure does not appear 
to achieve any separation of proteins on the basis of enzymatic activity. 
It does result in fractions containing variable amounts of different electro- 
phoretic components. The fraction precipitated at the lowest pH] con- 
tained the highest relative concentration of Component 1, which was the 
fastest moving electrophoretic component at pH 7.25. The fractions pre- 
cipitated at higher pH values contained increased amounts of components 
moving more slowly at pH 7.25. If several simplifying assumptions are 
allowed, an explanation for the distribution of components can be made. 
In the fractionation it is likely that proteins are precipitated by nucleic 
acid only as they assume a positive charge; 7.c., as the pH is adjusted 
below the isoelectric point. The proteins with relatively high isoelectric 
points would be concentrated in the higher pH fractions. At pll 7.25 
these proteins would probably have a lower negative net charge and hence 
a lower mobility toward the positive pole than components with lower iso- 
electric points. 

Component 1 is assumed to be triosephosphate dehydrogenase, since it 
can be obtained as a crystalline protein showing only one peak electro- 
phoretically. To account for the high enzymatic activity of fractions 
containing only small amounts of Component 1, it was postulated either 
that these fractions contained increased amounts of some activator or 
cofactor or that more than one of the electrophoretic peaks represented 
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enzyme. No evidence was obtained for the first of these hypotheses. 
Heated extracts of Fraction A or B were without effect on the activity of 
Fraction D. When the activity of a mixture of Fractions A and D was 
determined, it was found that simple summation of the individual activities 
had occurred. Dialysis had no effect on the activity of the fractions. The 
second hypothesis was supported by the finding that Components 1 and 3 
isolated from the electrophoresis cell were of equal enzymatic activity. 
The data of Table II show that the sum of Components 1 and 3 does not 
make up a constant percentage of the total protein in each fraction; so it 
is necessary to include Component 2 and probably Component 4 as active 
enzyme components to account for the equal activities of all the fractions. 

It would be difficult to account for the formation of several electro- 
phoretic components on the basis of interaction of one protein, 7.e. the 
enzyme, with some substance that might be present as a trace contaminant 
in the fractions. Such an interaction would have to be of an irreversible 
or very slowly reversible type; otherwise the protein would still migrate as 
one peak with a constituent mobility (5). Nevertheless, several likely 
contaminants of the fractions were considered in this respect. Traces of 
nucleic acid or other nucleotide material usually remain in the fractions, as 
is suggested by Eego/H 260 absorption ratios around 1.5. Treatment of the 
fractions with Norit raised the Foso/E 20 ratios to 1.9 to 2.0, but caused no 
alteration of the electrophoretic patterns. Protamine which might be re- 
maining in the fractions was considered as a possible interacting substance, 
but protamine binding actually is eliminated as an explanation, since the 
various fractions are separated before there is any addition of this sub- 
stance. 

It appears reasonable to think of the different components as separate 
forms of triosephosphate dehydrogenase. ‘These forms are separable both 
electrophoretically and in the nucleic acid fractionation; therefore it would 
appear unlikely that they are in any kind of rapid equilibrium with one 
another. As all the forms appear to sediment as a single boundary in the 
ultracentrifuge, it can be assumed that they are of about the same mole- 
cular weight. No information is available as to whether the various forms 
should be considered as different ‘‘native”’ proteins of the yeast cell or 
whether they arise during the isolation. It should be pointed out that the 
fractionation procedure includes several steps accompanied by marked pro- 
tein denaturation and that the yeast juice used as starting material is 
prepared from dried cells. 


The author is grateful for the technical assistance of Mrs. Doris E. 
Cleveland. 
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SUMMARY 


1. Electrophoretic patterns and specific triosephosphate dehydrogenase 
activities of yeast protein fractions obtained with nucleic acid precipitation 
have been studied. 

2. Several different forms of triosephosphate dehydrogenase. distin. 
guished by varying electrophoretic mobilities, are postulated. 
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YEAST GLYCERALDEHY DE-3-PHOSPHATE DEHYDROGENASE 
Il. YEAST PROTEIN 2* 


By EDWIN G. KREBS, GALE W. RAFTER, ano J. MCBROOM JUNGE 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, June 30, 1952) 


Yeast Protein 2 was the name given by Kunitz and McDonald to an 
“inert” crystalline protein isolated as a step in their procedure for the 
purification of hexokinase (1). The same protein was isolated by other 
investigators incidental to a study of the folic acid-protein complexes of 
yeast (2). In a preliminary report (3), it was shown that yeast Protein 2 
possessed triosephosphate' dehydrogenase activity of the same order of 
magnitude as the crystalline protein identified as this enzyme by Warburg 
and Christian (4). The present paper gives a detailed account of this 
finding and in addition describes a simplified method for the isolation of 
Protein 2. The homogeneity of the protein has been studied by electro- 
phoretic, ultracentrifugal, solubility, and immunochemical methods. An 
estimate has been made of the concentration of this component in original 


yeast extract. 
EXPERIMENTAL 
Materials 


Fresh bakers’ yeast* (Saccharomyces cerevisiae) containing no binding 
material was used as starting material for the isolation of Protein 
2. DPN! of 70 per cent purity was prepared by the method of Williamson 
and Green (5) as modified by Kornberg and Horecker.2. HDP' was ob- 
tained as the barium salt from the Schwarz Laboratories. The solutions 
of sodium salt prepared from the commercial product were decolorized with 
Norit. Triose phosphate was obtained as the bromodioxane addition com- 
pound from the Delta Chemical Works. Hyflo Super-Cel, standard Super- 
Cel, and Filter-Cel were obtained from Johns-Manville. 


* Aided in part by a grant from the Initiative 171 Research Fund of the State of 
Washington and in part by a grant from the United States Public Health Service. 
‘The following abbreviations are used: triose phosphate = glyceraldehyde-3- 
unainy HDP = fructose-1,6-diphosphate; DPN = diphosphopyridine nucleo- 


“ Fleischmann’ 8 bakers’ yeast, kindly supplied by Standard Brands Incorporated, 
Sumner, Washington, was used. 
* Personal communication from Dr. Arthur Kornberg. 
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Isolation of Yeast Protein 2 


The method of Kunitz and McDonald (1) has been shortened and simpli- 
fied. In particular, certain steps have been modified so as to avoid pro- 
longed storage of fractions during crystallization. A property of the pro- 
tein which permits its ready isolation is the ease and rapidity of 
crystallization at pH 8.0 to 8.2. This property is also exhibited by triose- 
phosphate dehydrogenase from rabbit muscle (6). 

The following description follows the outline of Kunitz and McDonald 
(1) and makes use of their terminology. Only those steps differing from 
the original procedure are described in detail. 10 instead of 25 pounds of 
yeast were used as starting material, and the amounts of other components 
were reduced proportionately. 

Plasmolysis and extraction were carried out exactly as described (1) except 
that the residue of cell stroma and Hyflo Super-Cel was not washed. An 
extra 20 to 25 per cent of soluble crude yeast protein could be extracted, if 
this time-consuming step was included, but, as will be seen, the yields of 
Protein 2 were very large without it. The product of this first step will 
be referred to as original extract. 

Fractionation with Ammonium Sulfate—The precipitation of proteins at 
0.5 saturation was carried out as described, but, instead of removing separ- 
ate fractions at 0.6 and 0.7 saturation, both of these were removed in a 
single step. To each liter of 0.5 saturated filtrate were added 133 gm. of 
solid ammonium sulfate with stirring. The mixture was allowed to stand 
at 3° for 10 to 15 hours and was then filtered with suction at 3° on What- 
man No. 2 paper. No filter aids were used in this step, and it was neces- 
sary to pour back the first portion filtered to obtain good retention. Sue- 
tion was continued until cracks began to appear in the filter cake. This 
broad fraction will be referred to as the 0.6 + 0.7 fraction. 

Crystallization—The 0.6 + 0.7 fraction, which was dry enough to be 
peeled off the paper readily, was weighed and dissolved in an equal! weight 
of HO. The resulting yellow-brown solution was brought to faint turbid- 
ity by addition of saturated ammonium sulfate (25°) previously adjusted 
to pH 8.2.4. A volume of ammonium sulfate solution, equal to approxi- 
mately two-thirds of the volume of H.O used in dissolving the cake, was 
necessary. The pH of the mixture was then raised to 8.2 by addition of 
4 per cent NH,OH. Crystallization in the slightly turbid colored solution 
commenced within a few minutes and was complete after 2 to 3 days 
storage at 3°. The crystals were collected as described by Kunitz and 
McDonald (1) or were readily separated in the Spinco preparative ultra- 


‘The pH of solutions with high salt concentrations was determined on diluted 
aliquots by means of indicators. 
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centrifuge at 20,000 r.p.m. with the No. 21 rotor. For recrystallization 
the protein was dissolved in 150 ml. of H,O, the solution brought to tur- 
bidity, and the pH adjusted as described for the first crystallization. 

Microscopically, the crystals appeared to be the same as those illustrated 
previously (1), except that in the very rapid crystallization at pH 8.2 
smaller needles were formed than in the slow crystallization as carried out 
at pH 7.4 by Kunitz and MeDonald (1). No amorphous background 
material was seen. Occasional hexagonal plates could be found in addition 
to the needles if a great number of microscopic fields were examined. This 
was true of preparations crystallized either at pH 8.2 or 7.4. Kunitz and 
McDonald described the formation of such plates when Protein 2 was 
crystallized at pH 4.3, but did not mention their occurrence along with 
needles in preparations crystallized at pH 7.4. 


I 

Recovery of Protein and Specific Triosephosphate Dehydrogenase Activities in Isolation 
of Protein 2 

Preparation 17. 10 pounds of yeast used. The «tivity tests were performed at 

24-26° as described in the text. 


Fraction Total protein Specific activity 
em. A per mg. protein per mi. 
Original extract 140 122 
0.6 + 0.7 fraction 76 165 
ist crystals 14 420 
2nd ** | 8.6 560 
3rd 4.0 950 
3.5 910 


5th 3.1 SS2 

The yields in each fraction and on successive crystallizations are shown 
in Table I. Protein 2 could be stored as a suspension of crystals in the 
ammonium sulfate solution at 3° for at least 6 months without loss of 
enzymatic activity or other evidence of denaturation. For use, a sample 
was centrifuged and the crystals were dissolved in H,O. A 2 per cent 
solution made in this manner was stable at 3° for at least 2 days. Unless 
indicated otherwise, Protein 2 recrystallized three times (fourth crystals) 


was used in all of the experiments reported in this paper. 


Analysis for Nitrogen and Absorption Coefficients of Protein 2 


Analytical data were obtained permitting the calculation of protein con- 
centration either by nitrogen analysis or by optical absorption. Solutions 
of the crystalline protein were exhaustively dialyzed against distilled H.O 
and aliquots were taken for absorption measurements and nitrogen deter- 
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mination. The former were carried out in 0.1 M phosphate buffer, pH 7, 
with a Beckman spectrophotometer, model DU. Nitrogen analyses were 
performed by the micro-Kjeldahl method with selenium oxychloride as 
catalyst. Calculations were made on the basis of the dry weight of the 
protein determined from samples of the dialyzed solution dried at 60° in a 
vacuum oven. 

Table II gives the results obtained for three samples of crystalline Pro- 
tein 2, differing in their Ex0/H20 ratios. Samples 1 and 2 contained 
detectable traces of pentose as determined by the orcinol reaction (7, 8), 
probably indicating the presence of some nucleotide material. Sample 3 
was recrystallized after treating a solution of Protein 2 with Norit® and 
gave no test for pentose. The value for 8 of 2.15 obtained with Sample | 
agrees very closely with the coefficient reported by Warburg and Christian 


Taste II 
Absorption Coefficients and Nitrogen Content of Protein 2 
Sample 1 was recrystallized twice (third crystals); Sample 2, three times; Sample 
3 was recrystallized after treating a solution of third crystals with Norit. Bogo mp 


1 1 
x in I, /I. 


Sample No. | Pree my N 
Sq. cm. per mg. per cent 
1 1.79 2.15 
2 1.92 2.09 16.2 
3 2.03 | 2.05 16.4 


(4) for their crystalline yeast triosephosphate dehydrogenase having an 
E0/ E69 ratio of 1.77. In this study the concentrations of purified Protein 
2 solutions were determined by absorption at 280 my with the appropriate 
value for 8, depending upon the E20/E 20 ratio. With crude protein solu- 
tions, determinations were made by the biuret method of Robinson and 
Hogden (9). 

It was not determined whether the pentose content of Protein 2 was due 
to the presence of bound DPN. With preparations having E0/E 20 ratios 
around 1.9, the detectable pentose was 0.5 to 0.8 y per mg. of protein, 
which would correspond to about 0.5 mole of DPN per 100,000 gm. of 
protein if this nucleotide accounted for all the pentose. 


Enzyme Activity 


The triosephosphate dehydrogenase activity of Protein 2 was measured 
in the test system described by Warburg and Christian (4), in which DPN 


’ Norit A, Pfanstiehl, was used. The method was the same as that used by Tay- 
lor et al. (8) for removal of DPN from muscle triosephosphate dehydrogenase. 
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and triosephosphate concentrations were 2.54 XX 10-*m. Cysteine at a 
final concentration of 0.006 m was included in the reaction mixture. The 
activity observed at 25°, expressed in the terms used by Warburg and 
Christian, was 12 < 10* (second order rate constant divided by mg. of 
protein per ml. in the reaction mixture). This value is somewhat greater 
than was found with crystalline triosephosphate dehydrogenase (Compon- 
ent 1) isolated by the Warburg and Christian procedure in this laboratory 
(10), but compares closely with the maximal activity of 8.1 X 10*® at 20° 
reported by the original workers (4). 

Only limited amounts of triosephosphate were available and, except in 
the comparative studies discussed above, the activity measurements were 
made in a more complex system in which HDP and excess crystalline 
aldolase (11) were used to furnish the substrate. The reaction mixtures 
contained 0.006 m HDP, 0.006 m cysteine, 6 K 10-'m DPN, 5.7 XK 10-* 
arsenate, 0.3 mg. of aldolase per ml., 0.03 m pyrophosphate buffer, pH 8.5, 
and the protein being tested for triosephosphate dehydrogenase activity. 
HDP was added as the last component to start the reaction, and the 
reduction of DPN was followed spectrophotometrically. The course of the 
reaction in this system was illustrated in the earlier report (3). Although 
the decrease in rate with time was greater than would be predicted in a 
first order reaction, it was found that the value of K in the equation below, 
calculated from 30 second readings, was proportional to enzyme concentra- 
tion. 


Ex 


l 


Eus = 0.375, z.e. the density corresponding to 6 X 10-5 m DPNH:z as read 
ina lcm. cell, and Ey = the density reading at time, ¢. K (30 seconds) 
divided by the concentration of protein in mg. per ml. in the reaction 
mixture was used as a measure of specific activity. 

Table I shows the specific activities found at the various stages of purifi- 
cation of Protein 2 in a typical experiment. The slight decrease in activity 
noted beyond the third crystallization is of questionable significance. 


Solubility Studies 


The solubility of Protein 2 with varying quantities of solid phase was 
determined as a means of evaluating homogeneity. Crystals were first 
equilibrated with the solvent by repeated washing and dialysis. Varying 


* Warburg and Christian did not indicate a need for cysteine in this test system, 
but in the hands of the present investigators its omission resulted in activities vary- 
ing from 25 to 75 per cent of maximal. This was true whether Protein 2 or enzyme 
isolated according to Warburg and Christian (4) was used. 


e 
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amounts of protein equilibrated in this manner were then added to glass. 
stoppered flasks containing a glass bead and additional solvent was added 
to fill the flasks. Equilibration of these suspensions was carried out at 3° 
on a tilt-table for 40 hours. Samples of the suspensions were taken for 
determination of total protein concentration, and the remainder was centri- 
fuged at 3° in an International PR-1 centrifuge. The supernatants were 
analyzed for protein concentration by the absorption method, and the 
triosephosphate dehydrogenase activities were determined. 

Fig. 1 shows the results of a typical experiment. Protein in solution is 
plotted against the total protein added. The shape of the curve is what 
would be expected for a solid solution rather than for a single solute. The 
protein in solution was also calculated from the activity measurements. 
It can be seen that these points fall on the same curve, which means that 


> O: 


MGM/ML IN SUSPENSION 
Fic. 1. The solubility of Protein 2 with varying quantities of solid phase. The 
solvent was 0.4 saturated (25°) ammonium sulfate in 0.1 M pyrophosphate buffer, pH 
8. Equilibration of the protein with the solvent and the separation of phases is 
described in the text. @, protein determinations by the absorption method; O, pro- 
tein determinations on the basis of triosephosphate dehydrogenase activity. 


the specific enzymatic activity of the protein in solution at a point with a 
slight excess of solid phase is the same as that at a point with a large excess. 
This result would not be expected if one of the components of the solid 
solution were enzymatically inert, since the composition of the solution 
should vary continuously along the course of the curve (12). 


Electrophoretic Studies 


Electrophoretic measurements on Protein 2 were made in the Perkin- 
Elmer apparatus by the technique described in the preceding paper (10) or 
in an electrophoresis apparatus built by Frank Pearson Associates. In the 
latter case, a 12 ml. cell was used and pictures were taken by the Philpot- 
Svensson schlieren method, with a diagonal slit. In phosphate buffer (u 
= 0.1, pH 7.25) Protein 2 migrates as a single component with a mobility 
of —4.0 X 10-* cm.* volt sec. (see Fig. 2, A). This is the same mobility 
found under the same conditions for crystalline triosephosphate dehydrog- 
enase (Component 1) isolated by the procedure of Warburg and Christian 
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(10). A 50:50 mixture of Protein 2 and Warburg enzyme migrated as a 
single component, as shown in Fig. 2, B. Measurements on Protein 2 were 
carried out in other phosphate buffers at varying ionic strengths and pH 
values from 5.8 to 7.3. The protein migrated as a single peak except in 
low ionic strength phosphate (u = 0.02) at pH values above 7. Fig. 2, C 


A 
B 


Fig. 2. Electrophoretic patterns of Protein 2 in various buffers. A, in phosphate 
buffer, « = O.1, pH 7.25, after 7200 seconds at 11.1 volts per em.; C, in phosphate 
buffer, u = 0.02, pH 7.25, after 4080 seconds at 15.96 volts per em.; D, in barbiturate 
buffer, » = 0.1, pH. 8.5, after 4380 seconds at 11.05 volts per em. Pattern B was 
obtained with a 50:50 mixture of Protein 2 and erystalline triosephosphate dehydrog- 
enase isolated by the Warburg and Christian procedure (4, 10); conditions of elec- 
trophoresis as in A. 


shows the pattern obtained under the latter conditions, in which there is 
evidence of separation of a second component on the descending or cathode 
side. A distinct peak was not maintained on the anode side. Definite 
separation into two components was obtained in barbiturate buffer (u = 
0.1, pH 8.5), as in Fig. 2, D. Area analysis showed 27 and 73 per cent of 
the slower and faster components, respectively. There was only a slight 
loss of triosephosphate dehydrogenase activity when Protein No. 2 was 
dialyzed against a similar barbiturate buffer for 24 hours; so it would ap- 
pear unlikely that instability of the protein could account for the pattern 


obtained. 
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Ultracentrifugal Pattern 


Analysis of Protein 2 in the Spinco ultracentrifuge at 59,778 r.p.m. 
revealed no evidence of inhomogeneity. Separate runs were made in 1 per 
cent NaCl, phosphate buffer (u = 0.1, pH 7.25), and barbiturate buffer 
(u = 0.1, pH 8.5). Fig. 3 shows the patterns obtained in 1 per cent Nat! 
at 16, 40, and 64 minutes after the rotor attained full speed. 


Immunochemical Evaluation of Homogeneity of Protein 2 


Evidence relating to the purity of crystalline Protein 2 was obtained by 
the quantitative precipitin test and the antigen diffusion method of Oudin 
(13). Antisera to the protein were prepared by intravenous injection of 


I6 64 


Fic. 3. Ultracentrifugal pattern of Protein 2. The numbers below each section 
denote minutes at 59,778 r.p.m. 


rabbits, a total of 70 mg. of protein per rabbit being administered in sixteen 
injections over a 4 week period. The sera from twelve rabbits were pooled, 
passed through a Seitz filter, and stored under sterile conditions at 5°. 

Quantitative Precipitin Tests Varying quantities of Protein 2, dialyzed 
against 0.85 per cent saline at 5° until essentially free of non-protein nitro- 
gen, were added to 1.0 ml. portions of antiserum diluted 1:3 in saline. The 
total test volume was 2.0 ml. The tubes were incubated at 5° for 18 hours 
and centrifuged. The precipitates were washed twice with saline and ana- 
lyzed for nitrogen by the Markham micro-Kjeldahl method (14). Serum 
supernatants were divided into two portions and tested for excess antigen 
or antibody. 

Fig. 4, Curve A, shows the reaction obtained with Protein 2 and its 
antiserum. At the point corresponding to the addition of 30 y of antigen 
N (Arrow 1) neither excess antibody nor excess antigen was detectable in 
the supernatant. With lesser or greater amounts of antigen the super- 


7 The amount of precipitate N obtained under these conditions was within 5 per 
cent of that found on incubation for 1 hour at 30°, followed by 4 days at 5°. 
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natants contained excess antibody or antigen, respectively. At no point 
was there an excess of both antigen and antibody in the supernatants. 
These findings are one indication of a homogeneous immunochemical sys- 
tem (15), since any impurity present in the antigen in greater than trace 
amounts would either have to be non-antigenic or would have to be present 
at a concentration such that its maximal combining power as determined 
by the equivalence point would coincide with that of the principal com- 
ponent. 

Quantitative precipitin tests with antiserum to crystalline Protein 2 and 
original extract as antigen were also carried out. Curves B and C of Fig. 
} show the reactions obtained with different samples of original extract. 


TOTAL N PRECIPITATED 


100 A 
132 263 526 1052 


4g ANTIGEN N ADDED 


Fig. 4. Quantitative precipitin curves. Curve A, reaction of antiyeast Protein 2 
and yeast Protein 2. Curves B and C, reaction of antiyeast Protein 2 and different 
samples of original extract. Arrows 1 and 2 indicate the equivalence points for 
Curves A and B, respectively. A’ = y of Protein 2 N; B’, C’ = y of protein N of 
original extract. 


The scale along the antigen axis has been changed so that these curves are 
nearly superimposed on Curve A in the antibody excess region. This was 
carried out in reference to a single antigen concentration (180 y) on Curve 
B, which resulted in the same amount of specific precipitate N on the 
Protein 2 curve (Curve A). The ratio of antigenically active protein N to 
total N in the original extract was thus calculated to be 0.19. In the ex- 
periment of Curve B the point corresponding to 180 y of antigen N (Arrow 
2) showed neither excess antigen nor antibody in the supernatant, and, as 
can be seen, the amount of precipitate N was very close to that found at the 
equivalence point in the experiment of Curve A. None of the supernatants 
in Curves B and C showed the simultaneous presence of excess antigen and 
antibody. These experiments make it appear very unlikely that the anti- 
serum to Protein 2 contained antibody to a second component. Such a 
component would probably exist in different relative concentrations in the 


-M. 

per 

ler 

iC] 

by 

lin 

of 

\2 
00 
x 
O A 

i}- 

n 


488 YEAST DEHYDROGENASE. II 


original yeast extract and in crystalline Protein 2 preparations and henge 
should be detectable in the supernatants at equivalence either in Curve 4 
or in Curve B. The failure of Curves B and C to coincide exactly with 


A 


Fic. 5. Oudin diffusion tests. A, Protein 2 diffusing into agar column containing 
antiveast Protein 2; B, control withnormal serum inthe agarcolumn. Picture taken 
on the 4th day of test. Original antigen concentration, 2.5 mg. of protein N per ml. 


A 


MINUTES 

Fic. 6. Movement of bands of precipitate in Oudin diffusion tests. Curve A with 
Protein 2 as antigen (2.5 mg. of protein N per ml.); Curve B with original extract as 
antigen (2.80 mg. of protein N per ml.). Antiserum to Protein 2 used for tests in 
both Curves A and B. 


Curve A in antigen excess could still suggest the possibility of inhomogene- 
ity according to the interpretation of Cohn et al. (16). 

Oudin Antigen Diffusion Tests—-Impurities in Protein 2 or its antiserum 
were not detected by the Oudin agar diffusion test (13) as modified by 
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Mufoz and Becker (17). Antiserum to Protein 2 was diluted with an 
equal part of normal rabbit serum for preparation of the agar columns. 
The antigens used, crystalline Protein 2 and original yeast extract, were 
dialyzed against phosphate buffer (u = 0.145, pH 7.4) at 5° prior to use, 
and the diffusion tests were conducted at this temperature. Fig. 5 shows 
the result with Protein 2 as antigen. It can be seen that a single band with 
a sharply defined leading boundary was formed. When original yeast 
extract was used as antigen in a test with antiserum to Protein 2, a similar 
single band was formed. In Fig. 6 the migration distance is plotted against 
the square root of time, and for either Protein 2 (Curve A) or original 
extract (Curve B) there was a linear relationship (13). The lag period 
seen in Curve B may be related to antigen concentration. 


Concentration of Protein 2 in Original Yeast Extract 


In view of the large yields of Protein 2 isolated with relatively few 
fractionation steps, it was of interest to estimate how much of this protein 
was present in the original yeast extract. The estimations were made 
from electrophoretic, enzymatic activity, and immunological data. 

Electrophoretic Analysis—The electrophoretic pattern of the original ex- 
tract is shown in Fig. 7. The first tracing (A) was made from the picture 
on the ascending side while the boundaries of all components were still 
visible in the cell; the second tracing (B) shows the pattern after more 
complete resolution. Six components, or groups of components, are arbi- 
trarily marked off by the vertical lines between the peaks and numbered as 
shown. Peak 7 was taken as representing the buffer anomaly; however, 
the possibility was not excluded that it might consist in part of another 
component. The pattern pn the descending limb (not illustrated) was 
identical as to the number of components identified, although the relative 
areas of the various peaks were not in close agreement, as is shown in 
Table III. The mobilities of the various components are also given in 
Table III, and that found for Component 3 agrees closely with the mobility 
of crystalline Protein 2 under the same conditions. Component 3 makes 
up 30 per cent of the total protein of the original extract. Although it 
cannot be assumed that this component represents only Protein 2, this may 
serve as a first approximation of the maximal amount of Protein 2 in the 
original extract. The value would be too high, of course, if Peak 7 repre- 
sents a protein component. 

Enzyme Activity—The concentration of Protein 2 in the original extract 
was estimated from the relative specific triosephosphate dehydrogenase 


* Phosphate buffer was used, since it was found that the stability of Protein 2 was 
greater in phosphate than in saline. Stability was an important consideration in 
tests extending over a7 day period. 
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activities of the crystalline protein and the original extract. In Table ijt 
can be seen that the specific activity of original extract is 14 per cent of the 
final activity of Protein 2. Composition calculated on this basis would be 
subject to errors that might occur due to the effect of contaminating 
enzymes on the test system used for determination of activity. It is likely 
that such enzymes present in the original extract would act to depress the 


A B 


7 6 5 43 2 


Fig. 7. Electrophoretic pattern of original yeast extract in phosphate buffer, yz = 
0.1, pH 7.25. A, ascending pattern after 5340 seconds at 5.19 volts per cm.; B, ascend- 
ing pattern after 17,420 seconds at the same field strength. The numbers refer to 
components. 


TaBLeE III 
Electrophoretic Pattern of Original Yeast Extract 


Conditions of electrophoresis given in the legend of Fig. 7. Mobilities were 
calculated from measurements on the descending side. 


Component No. Mobility 105 Areas, Average 
cm.? volt“ sec.- per cent per cent per cent 

1 —14.0 1.8 3.7 2.8 

2 —5.8 15.5 12.9 14.2 

3 —4.0 37.0 23.6 30.3 

4 —3.2 9.8 9.8 9.8 

5 —2.5 12.2 17.3 14.8 

6 —1.3 23.7 32.6 28.2 


observed activity; so the figure of 14 per cent can be looked on as a minimal 
value. 

Immunological Assay—The data of Fig. 4 provide a third method for 
estimation of the content of Protein 2 in the original extract. On this 
basis the amount of Protein 2 present in the crude antigen was calculated 
to be 19 per cent. 


DISCUSSION 


Crystalline yeast Protein 2 and preparations of the crystalline protein 
(Component 1) identified by Warburg and Christian as triosephosphate 
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dehydrogenase (4, 10) resemble one another closely. The specific activities 
are nearly identical and both proteins migrate as single components with 
the same mobility in phosphate buffer. Protein 2 preparations, however, 
were notably more stable than the crystalline Warburg and Christian 
protein. This was evident in attempts to determine the electrophoretic 
pattern of the latter in barbiturate buffer. Complete precipitation oc- 
curred during the preliminary dialysis, although Protein 2 withstood this 
procedure. In the fractionation and isolation of Protein 2, there was no 
evidence of the occurrence of enzymatically active protein with varying 
mobilities in phosphate buffer as was found in the Warburg and Christian 
fractionation (10). No evidence was obtained as to whether the second 
component detectable in barbiturate buffer might represent enzyme. 

The different methods for evaluation of the purity of Protein 2 give 
variable results. In the ultracentrifuge and by immunochemical methods 
no impurities were detected. Electrophoresis in phosphate buffers showed 
only one component except at low ionic strengths and at pH values near 
the upper limit for buffering capacity in phosphate. In barbiturate buffer 
two components were found. The solubility curve indicates that Protein 
2isa solid solution of two or more components, but the data are consistent 
with the interpretation that all the components are enzymatically active. 

Of the methods employed for determining the relative concentration of 
Protein 2 in the original yeast extract, the immunological assay would 
appear to be subject to the least error. With this method it was found 
that 19 per cent of the proteins of the original extract consisted of Protein 
2. This high concentration would be especially significant if it were known 
whether the composition of the extract was representative of the composi- 
tion of the soluble proteins of the cell. On an absolute basis it can be 
calculated that the 140 gm. of protein extracted represents 140 X 0.19 = 
27 gm. of Protein 2. 10 pounds or 4.5 kilos of yeast with a protein concen- 
tration of the order of 10 per cent® would have a total protein content of 
450 gm. Protein 2 actually extracted would thus be over 5 per cent of the 
total protein of the original yeast. 


The authors are grateful for the technical assistance of Mrs. Doris F. 
Cleveland and Mr. Roger D. Wade. 


SUMMARY 


1. A modification for the method of isolation of yeast Protein 2 has been 
described. 
2. Protein 2 and the crystalline protein isolated by Warburg and Chris- 


*The amount is based on a figure quoted for compressed bakers’ yeast (United 
States Dept. Agr., Misc. Pub. No. 572 (1945)). 
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tian and identified as triosephosphate dehydrogenase (4) have been com- 
pared. 

3. The homogeneity of yeast Protein 2 has been studied. In the ultra- 
centrifuge and immunochemically the preparations appeared homogeneous, 
Solubility studies indicated the presence of a solid solution rather than a 
single solute. Under certain conditions two components were detectable 


electrophoretically. 
4. The amount of Protein 2 in the original yeast extract was estimated 
to be 19 per cent of the total protein of the extract. 
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Solutes of high molecular weight, such as proteins, present special prob- 
lems not encountered in the chromatography of simpler organic molecules. 
Successful elution analysis requires conditions under which proteins will 
be retarded on a column and will move as discrete zones, giving rise to 
relatively sharp and symmetrical peaks on an elution curve (1). One of 
the first proteins to be effectively chromatographed in this manner has been 
the relatively stable enzyme ribonuclease. Martin and Porter (2) success- 
fully chromatographed ribonuclease on columns prepared by adding aque- 
ous ammonium sulfate saturated with ethylene glycol monoethyl ether 
(Cellosolve) to kieselguhr, with the aqueous phase as the eluting solvent. 
In experiments reported from this laboratory (3), with columns of the 
carboxylic acid ion exchange resin Amberlite IRC-S0, it has been found that 
ribonuclease can be chromatographed under conditions similar in many 
ways to those employed for the separation of amino acids and simple pep- 
tides on ion exchange columns. The present communication describes the 
application of columns of IRC-50 to studies of the homogeneity of various 
preparations of ribonuclease and to the chromatographic examination of 
crude pancreatic extracts for their ribonuclease content. 


Procedure 


Distribution Coefficients—Since the rate of movement of a zone on a 
chromatogram is a function of the distribution coefficient of the solute be- 
tween the stationary and the flowing phase of the column, many of the 
conditions required for successful chromatography can be evaluated by the 
performance of exploratory test-tube experiments in which the distribution 
of proteins between an adsorbent and a solvent is determined. In the 
present studies a series of preliminary semiquantitative tests was carried 
out with a number of systems. The adsorbents, usually in the form of 200 
to 400 mesh powders, were thoroughly equilibrated with the solvent and 
any fines removed by filtration and decantation. A 12 ml. thick walled, 
graduated centrifuge tube was filled with enough of the suspension to 


*A discussion of this work was presented before the Second International Con- 
gress of Biochemistry, Paris, July, 1952. 
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give a volume of 2.5 ml. for the sedimented layer obtained after centrify. 
gation. The excess solvent was withdrawn and two 0.5 or 1.0 ml. aliquots 
thereof were pipetted for use as blanks in the subsequent ninhydrin analy. 
ses. 2 ml. of a solution containing about 2 mg. of protein per ml. were 
added and the total volume was adjusted to 5 ml. by the addition of sol- 
vent. The mixture was stirred with a glass rod, or the tube was closed 
with a ground glass stopper or one covered with aluminum foil and rotated 
in a horizontal position. The time of stirring was varied in individual 
experiments as a check on the rate of attainment of equilibrium. In all 
cases In which subsequent chromatography was successful, equilibrium was 
attained within 2 or 3 minutes. After the stirring was completed, the tubes 
were centrifuged and two aliquots removed for analysis. It is extremely 
important to determine by a reequilibration experiment whether the ad- 
sorption of protein measured by this procedure is reversible. For this 
purpose, a total of 2 ml. of the supernatant liquid was replaced by fresh 
solvent, and the stirring, centrifugation, and analysis of the supernatant 
fluid were repeated. 

It was convenient in the present work to measure the protein concentra- 
tions in the samples of the supernatant fluid by the photometric ninhydrin 
method developed for the determination of amino acids (4). Without 
hydrolysis most proteins give 5 to 10 per cent as much color per mg. as 
does leucine. In the course of a single distribution measurement, duplicate 
analyses were run on aliquots of the initial protein solution, together with 
a blank on the solvent used to dissolve it, the original protein-free super- 
natant liquid in the tube, and the supernatant fluids obtained in the equili- 
bration and the reequilibration procedures. 

The approximate distribution coefficient is calculated from the ninhydrin 
analyses and expressed as the ratio of the concentration of protein per ml. 
of resin (calculated by difference) to the concentration per ml. of the super- 
natant solution. Under the conditions given, the volume of mobile phase 
in the tube is about 4 ml. and the volume occupied by the 200 to 400 mesh 
powder about 1 ml. For more accurate work the volume occupied by the 
adsorbent can be determined with precision. In calculating the distribu- 
tion coefficient for the reequilibration experiment, account is taken of the 
amount of protein removed in the 2 ml. which were withdrawn. 

The distribution of a number of proteins in a variety of adsorbent- 
solvent systems was investigated. The proteins studied included insulin, 
8-lactoglobulin, bovine serum albumin, hemoglobin (fowl), myoglobin 
(horse), cytochrome c, ribonuclease, and lysozyme. The adsorbents tested 
were Celite, potato starch, silica gel, powdered cellulose, tricalcium phos- 
phate, benzoic acid, Dowex 50, Dowex 2, Duolite C-10, Amberlites 
IR-4B, IRA-400, and IRC-50. The solvents used included water, aqueous 
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HCl (0.0001 to 0.2 m), sodium citrate buffers (0.01 to 1 M) in the pH range 
from 3 to 6, sodium phosphate buffers (0.01 to 4 Mm) in the pH range 5 to 9, 
and sodium acetate buffers (0.2 to 2 m) in the pH range from 5 to 6. 

In attempting to utilize distribution data to predict column performance, 
the results of the reequilibration experiments assume crucial importance. 
Under a wide variety of conditions, the adsorbents listed will bind proteins 
to some extent. Depending upon the physical state of the solid material, 
the amount of protein bound may in some cases be as little as 1 to 10 mg. 
per gm. of adsorbent. In nearly all instances, however, reequilibration 
showed that protein was not released to the fresh solvent. ‘There was, 
therefore, no evidence for the existence of the finite distribution coefficient 
essential for successful chromatography by elution analysis. A number 
of attempts at chromatography with these systems failed. 

With ribonuclease, lysozyme, and cytochrome c, however, exploratory 
tests with IRC-50 as the solid phase and aqueous buffers at pH 6 to 7 as 
solvents demonstrated the occurrence of reversible adsorption with a finite 
distribution coefficient. Equilibrium was attained after less than a minute 
of stirring and the magnitude of the distribution coefficient could be altered 
ina predictable manner by changes in the pH or the ionic strength of the 
solvent. Conditions could be found under which the distribution coeff- 
cient for ribonuclease was in the range from 2 to 5. It could be predicted 
(5), therefore, that the enzyme would emerge as a peak from a column 
after the passage of 2 to 5 hold-up volumes, provided interchange of solute 
molecules between stationary and mobile phase could be achieved suffi- 
ciently rapidly to permit equilibrium to be attained in a chromatogram 
flowing at a reasonable rate. The chromatographic experiments with ri- 
bonuclease described in this paper were designed on this basis. The ac- 
companying paper (6) describes the results obtained with lysozyme. Cy- 
tochrome c was not studied further in view of the independent detailed 
studies by Paléus and Neilands (7), in which they were the first to demon- 
strate the utility of IRC-50 columns for the purification of basic proteins 
such as cytochrome c. 

Preparation of Resin—Because of the size of protein molecules, sorption 
will probably occur only on the surface of the adsorbent. Satisfactory 
chromatographic results have been obtained only with finely powdered 
resin, which has a greater surface area than the bead forms generally used 
for the separation of small ions. The resin used in these experiments was 
Amberlite IRC-50 (XE-64), batch No. 2165, which is a pulverized form of 
IRC-50 obtained from the Rohm and Haas Company, Philadelphia, 
through the kind cooperation of Dr. James C. Winters. Material in the 
200 to 400 mesh range is obtairled from the powder by removing the fines. 
To 1.5 kilos of the resin, which is a sufficient quantity to make a column 
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7.5 X 120 cm., 3.5 liters of water are added and the suspension is stirred 
for 20 minutes. After a settling period of 30 minutes, any foam on the 
surface is removed and the supernatant suspension is withdrawn. The 
settling process is repeated four or five times with 2 liter portions of water, 
until the supernatant liquid is clear after about 15 minutes of settling. 
The resin is air-dried on a Biichner funnel. The filter cake is added to 
4 liters of acetone and stirred for 3 hours. The resin is filtered and washed 
with acetone (about 8 liters) until the filtrate is clear. The air-dried resin 
is suspended in water, stirred until all bubbles are eliminated, and the last 
traces of acetone are removed by washing on the filter with 24 liters of 
water. 

The resin is cycled once through the sodium form before use. ‘To the 
resin in 5 liters of water, 560 gm. of NaOH (in the form of a 40 per cent 
solution) are added over a period of 30 minutes. The pH of the suspension 
will rise to about 11. Stirring is continued until evolution of heat has 
subsided (3 hours), and the sodium salt of the resin is then washed by 
decantation with five 2 liter portions of water. The resin is washed on 
a filter with water (about 12 liters) until the filtrate has a pH of about 
10. The resin is converted to the acid form by passing 10 liters of 3 x 
HCl through the filter over a 4 hour period, and is finally washed with 6 
liters of water. 

For the experiments with ribonuclease, the resin is buffered at pH 6.47 
+ 0.02. The sodium phosphate buffer (0.2 m in phosphate, 0.28 Nn in Na) 
is prepared by dissolving 165.6 gm. of NaH,PO,-H2O and 113.6 gm. of 
Na2zHPO, (anhydrous) in water and diluting the solution to a volume of 
10 liters. Thymol is added as a preservative. If all of the resin from 1.5 
kilos of IRC-50 is being used, the acid form of the resin is stirred with 5 
liters of the buffer. The pH of the suspension falls immediately, and 
approximately 30 ml. portions of 40 per cent NaOH are added every few 
minutes to keep the suspension at about pH 5.5. As neutralization of the 
carboxyl groups continues, the suspension is brought to pH 6.4 by addi- 
tions of alkali at about 15 minute intervals. When the suspension remains 
at about pH 6.55 after 15 minutes of stirring, the mixture is stirred over- 
night. In comparison with the strongly acidic resins, the carboxylic acid 
resins are slow to come to pH equilibrium. When the pH reaches con- 
stancy at 6.45 to 6.50, the resin is transferred to a filter and washed with 
30 liters of the buffer over a period of 8 hours. The pH of the final filtrate 
should be identical with that of the inflowing buffer. 


Preparation of Columns—The columns are prepared in approximately 15 


em. sections from the resin suspended in the buffer under conditions sim- 
ilar to those used with Dowex 50 (8, 9). In the case of the columns 7.5 
cm. in diameter, the delivery tip of the chromatograph tube should be 
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closed with rubber tubing and a pinch clamp while the suspension is being 
added. The suspension should be stirred in the column and allowed to 
come to rest before the clamp at the delivery tip is opened. This pro- 
cedure should be followed after each portion of the suspension is introduced 
in order to insure a horizontal resin surface. With the preparative scale 
columns, the final surface is protected by a 7 cm. circle of filter paper. 
The columns are washed with 25 to 30 hold-up volumes of buffer to permit 
a complete settling of the adsorbent. The hold-up volume of a column 
0.9 X 30 em. is about 6.5 ml. and that of a column 7.5 X 60 cm. is about 
830 ml. 

Operation of Columns—The effluent from IRC-50 columns has a tend- 
ency not to wet glass and, therefore, to give irregular flow from the tips of 
columns 0.9 cm. in diameter. The difficulty could probably be overcome 
by adding detergents to the buffers (8). In the present experiments, regu- 
lar flow has been obtained by inserting a small roll of silver gauze into the 
tip of the chromatograph tube. The upper end of the gauze is in contact 
with the sintered disk and the lower end is compressed to a point projecting 
about 1 cm. below the glass tip. The silver tip is positioned directly above 
the light beam of the photoelectric drop counter of the fraction collector, 
the usual glass funnel being removed (A in Fig. 2 (10)). With the prepara- 
tive scale columns, this modification is not necessary. The procedure for 
the operation of the IRC-50 columns is, in general, the same as that already 
described for Dowex 50 (8, 9). In some experiments a section of Tygon 
tubing was inserted between the separatory funnel and the top of the col- 
umn and the rate of flow was conveniently regulated by employing the 
funnel as a leveling bulb. The columns 0.9 cm. in diameter were run at a 
flow rate of 1.0 to 1.5 ml. per hour and 0.5 ml. fractions were collected. 
At a flow rate in excess of 2.5 ml. per hour, the protein peaks begin to 
broaden. The flow rate employed with the columns 7.5 cm. in diameter 
was 60 to 80 ml. per hour. The analytical columns were operated in a 
room at 25° + 1°. No significant sensitivity of the results to a change 
of several degrees in temperature was observed when the preparative scale 
experiments were performed without temperature control. 

The IRC-50 columns may be used repeatedly if purified ribonuclease 
preparations are being analyzed. When tissue extracts were studied, about 
20 hold-up volumes of buffer were run through the column between experi- 
ments. After several chromatograms with tissue extracts, the surface of a 
column may become clogged, resulting in an unsatisfactorily slow rate of 
flow. The upper portion of the column may be stirred up and the sus- 
pended resin replaced by fresh equilibrated resin. Contaminated resin can 
be purified by converting it to the acid form and warming it on a steam 
bath for several hours with 4 n HCl. 
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Analyses of Effluent Fractions—Ninhydrin analyses (4) were performed 
on 0.2 ml. aliquots of each fraction, with 1 ml. of the ninhydrin solution. 
The tubes, after dilution with aqueous propanol, appeared slightly turbid, 
but gave a blank reading of about 0.10 optical density unit. Perfectly 
clear solutions can be obtained in the analysis of phosphate-containing 
eluents if the SnCl,. in the ninhydrin reagent is replaced by hydrindantin 
(0.5 gm. per liter of reagent). 

Ribonuclease activity was determined on 0.3 ml. aliquots of the effluent 
by the spectrophotometric procedure of Kunitz (11). A sample of yeast 
nucleic acid, twice precipitated by acetic acid from a solution of the sodium 
salt, was used as substrate. 


Results 


Behavior of Amino Acids on IRC-50—Before the experiments with pro- 
teins were undertaken, a study was made of the behavior of amino acids 
on buffered columns of IRC-50. In Fig. 1 are given the results obtained 
when a synthetic mixture of seventeen amino acids and ammonium chloride 
(8) is chromatographed on a column 0.9 * 60 cm. with citrate buffer at 
pH 5.4 (0.5 M in citric acid) as eluent. These were the most favorable 
conditions found for the separation of the basic amino acids on IRC-50, 
but the resolution was not as satisfactory as that obtainable on columns of 
sulfonated polystyrene resin (8). The first peak on the curve contains 
aspartic and glutamic acids and the second large peak consists of all the 
neutral amino acids except tyrosine and phenylalanine. Tryptophan 
emerged near histidine. When the chromatography was performed at the 
higher pH of 6.47, under the conditions used for the ribonuclease experi- 
ments, the first group of acidic and neutral amino acids was eluted more 
rapidly, the ninhydrin readings for phenylalanine and tyrosine falling to 
the blank value just before the emergence of the main ribonuclease peak 
(see Fig. 3). For the basic amino acids, the accelerating effect of the higher 
PH is more than offset by the retarding effect of the lower ionic strength of 
the 0.2 m phosphate buffer, with the result that these substances are more 
strongly held, emerging at more than 3 times the effluent volume of the 
major enzyme peak. ‘Tryptophan emerges near lysine. At pH values 
more acid than 5.4, the rates of travel of all of the amino acids are increased, 
the effect being relatively greater for the basic amino acids. The studies 
with IRC-50 have also demonstrated that the zones were broader when the 
resin was used in the NH, rather than the Na form. Satisfactory ion 
exchange chromatography is not to be expected with the acid form of the 
resin, in view of the observations of Kunin and Myers (12) which revealed 
the slow rate at which equilibrium is attained when the hydrogen form of 
carboxylic acid resins is employed. 
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Analysis of Ribonuclease Preparations—Crystalline ribonuclease prepared 
from pancreas by the method of Kunitz (13), as modified by McDonald 
(14), is a protein of low molecular weight (15) with an isoelectric point at 
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Fic. 1. Chromatography of amino acids on IRC-50 (XE-64) at pH 54 (0.5 m 
citrate’ buffer). Column 0.9 X 60 cm. The load was about 6 mg. of an amino acid 
mixture containing seventeen amino acids and ammonium chloride. The acidic 
and most of the neutral amino acids emerge rapidly in the large peaks preceding 
tyrosine, phenylalanine, and the basic components of the mixture. 
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Fic. 2. Chromatography of preparations of crystalline ribonuclease on a 0.9 X 
30 em. column of IRC-50 (XE-64). a and 6, curves obtained from samples recrys- 
tallized five times from ammonium sulfate and once from aqueous ethanol. c, 
curve yielded by a preparation that had not been heated to remove proteolytic ac- 
tivity and had not been recrystallized from aqueous ethanol. @, ninhydrin value; 


O, ribonuclease activity in Kunitz units. 


pH 7.8. Electrophoresis and ultracentrifugation (15) failed to reveal evi- 
dence of inhomogeneity in the crystalline material, but some evidence of 
impurity was afforded by phase rule solubility studies (16). Chromato- 
graphic analyses of three different preparations of ribonuclease are illus- 
trated in Fig. 2. We are indebted to Dr. Kunitz for the samples used in 
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this study. The first two samples (Fig. 2, a and b) were preparations 
which had been crystallized several times from ammonium sulfate and once 
from aqueous alcohol. The third curve (c) was obtained with a prepara- 
tion that had not been heated to remove proteolytic activity and had not 
been recrystallized from aqueous alcohol. 

It is clear that the preparations differ in purity when examined chro- 
matographically. They all have a major peak at about 20 ml., however, 
which will be designated ribonuclease A. The degree of homogeneity of 
the first sample was not changed by further recrystallization from aqueous 
ethanol. When material from Peak A in Fig. 2, a was rechromatographed, 
a single symmetrical curve was obtained (3). The inclusion of 8-hydroxy- 
quinoline or disodium versenate in the buffer was without effect on the 
curves shown in Fig. 2, indicating that the apparent inhomogeneity was 
not a result of the presence of traces of metallic ions. The inclusion of 
ethanol (25 per cent by volume) in the buffer was also without significant 
influence upon the result. Replacement of the phosphate buffer by a 
citrate buffer of the same pH speeded up the rate of travel of the zones, 
causing them to emerge as a single peak at about 10 ml. A similar increase 
in the rate of travel was obtained when phosphate buffer at pH 7.18 was 
used. The position of Peak A could be shifted to 45 ml. by phosphate 
buffer at pH 6.25 and to 60 ml. at pH 6.01. 

Chromatography of Pancreatic Extracts—The evident inhomogeneity re- 
vealed by the curves shown in Fig. 2 made it of interest to determine, if 
possible, the chromatographic behavior of ‘‘native”’ ribonuclease as it exists 
in pancreas. To this end, beef pancreas was secured within a few minutes 
of the death of the animal. The gland was rapidly cut into small fragments 
and the pieces were immediately embedded in a large quantity of carbon 
dioxide snow. The fragments were finely pulverized in the presence of 5 
to 10 times the quantity of carbon dioxide snow in a Waring blendor 
equipped with an aluminum cup. The comminuted material was lyophil- 
ized and stored at —20°. The powder retained its ribonuclease activity 
undiminished over several months. 

Chromatography was performed on extracts prepared at 4° by stirring 2 
gm. of the powdered pancreas with 15 ml. of 0.25 n H.SO, for 15 minutes. 
The mucous clots and fatty material adhering to the stirrer were discarded 
and the suspension was centrifuged for 10 minutes. The middle layer was 
withdrawn, care being taken not to disturb the unstable upper layer of 
mucoid and fat droplets. The extract was filtered through soft paper 
(Schleicher and Schuell No. 588). By careful addition of 1 N NaOH, the 
solution was brought from pH 1 to pH 5.5 to 6.0. After 10 minutes the 
insoluble proteins that had separated as a flocculent precipitate were re- 
moved by centrifugation, and 1 to 2 ml. of the resulting solution was 
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applied immediately to the chromatographic column. The analytical re- 
sult is shown in Fig. 3,a. The IRC-50 columns proved capable of handling 
the material in the crude tissue extract without distortion of the chromato- 
graphic picture. The presence of two distinct components possessing ribo- 
nuclease activity is apparent. The material of the main peak is chromato- 
graphically indistinguishable from the material designated as the A 
component in Fig. 2. The fact that the faster moving B component is not 
derived from A by the action of dilute sulfuric acid was demonstrated by 
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Fic. 3. Chromatography of 0.25 n sulfuric acid extracts of comminuted beef 
pancreas. a, curve obtained with a 0.9 X 30 cm. column, under the conditions de- 
scribed for Fig. 2. The preparative scale column (6) was7.5 X 60cm. @, ninhydrin 
color value; O, ribonuclease activity in Kunitz units. 


using longer times of extraction. When the powder was extracted for 2 
hours instead of 20 minutes, the activity curve was almost identical with 
that in Fig. 3, a.1. To determine whether component B might arise from 
A as a result of autolytic reactions, analyses were carried out on beef 
pancreas which was allowed to stand 2.5 hours at room temperature before 
being frozen and comminuted. Although the ninhydrin curve was altered, 
the activity curve was similar to that shown in Fig. 3, a. As an alterna- 
tive method of extraction, the pancreas powder was treated with 4:1 
(volume per volume) glacial acetic acid-water, and the ribonuclease activ- 


‘The stability of ribonuclease A in acid solution was also demonstrated by the 
fact that no major change in the chromatographic behavior could be detected after 
the purified enzyme (see Fig. 4) had been exposed to 0.15 nN H,SO, for 20 hours at 4°. 
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ity was precipitated by acetone and ether in a procedure patterned after 
the technique employed by Payne et al. (17) for the extraction of hormones 
from pituitary tissue. The chromatograms again showed the presence of 
Peaks A and B, together with a small amount of active material possessing 
an intermediate rate of travel which appeared in the valley between the 
two. When comminuted pancreas was extracted directly with 0.2 m phos- 
phate buffer at pH 6.47 and the extract chromatographed, no well defined 
peaks were obtained on the effluent curve. Activity was present in a 
broad zone extending from 10 to 35 ml. 

Martin and Porter (2) were the first to suggest, on the basis of their 
chromatographic analyses, that two distinct proteins possessing ribonucle- 
ase activity exist in beef pancreas. The present results with IRC-50 col- 
umns provide additional evidence in support of this conclusion. It remains 
to be determined whether ribonucleases A and B possess the same enzy- 
matic specificity. 

Preparative Scale Experiments—-In order to isolate a sample of purified 
ribonuclease A, a sulfuric acid extract of 20 gm. of comminuted beef pan- 
creas was chromatographed on a column 7.5 KX 60 em. As may be seen in 
Fig. 3, b, the longer column used in this case permitted the major active 
component to be almost completely separated from the other ninhydrin- 
positive material. With Fig. 2, a as a reference, it was possible to calculate 
from the ninhydrin and activity analyses in Fig. 3, b that about 45 mg. of 
the enzyme were present, corresponding to about 0.2 per cent of the dry 
weight of the pancreas. The fractions comprising the ribonuclease A peak 
were combined and brought to pH 5.35 to 5.40 by the addition of phos- 
phoric acid. The solution was passed at a rate of 1 ml. per minute through 
a short column of IRC-50 (1 or 2 em. in diameter) which had previously 
been equilibrated with sodium phosphate buffer of pH 5.38 (0.21 ~ in Na, 
0.20 m in phosphate). At this pH, ribonuclease A is held strongly by the 
resin. The dimensions of the column required to adsorb all of the enzyme 
were estimated from the fact that the capacity of the resin was independ- 
ently determined to be about 30 mg. per ml. of resin bed. An excess of 10 
per cent over the amount of resin calculated was employed. The enzyme 
was eluted by suspending the IRC-50 in an equal volume of sodium phos- 
phate buffer at pH 7.96 (0.38 Nn in Na, 0.20 M in phosphate). The suspen- 
sion was stirred magnetically and brought to pH 8 by the addition of 5 
NaOH, added in small droplets over a period of 30 minutes. The suspen- 
sion was filtered and the resin washed with 1 volume of the phosphate 
buffer. The elution was made nearly complete by resuspending the resin 
in an equal volume of buffer, stirring the suspension for 30 minutes, and 
repeating the filtration and washing procedure. The combined filtrates 
represented a solution of ribonuclease A concentrated 10- to 15-fold with 
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respect to the quantity of buffer salts originally present in the effluent 
from the column. | 

The concentrated ribonuclease solution was desalted by ion exchange 
(see Tallan and Stein (6)). For each ml. of 0.2 m phosphate buffer, 0.8 
ml. of the sedimented mixed resins, Amberlites IRA-400 and IR-120, was 
transferred to a beaker, the mixture was allowed to settle, and the excess 
water was removed. The solution of ribonuclease was added and the 
suspension was stirred slowly for 20 to 30 minutes, until the test for phos- 
phate ion with the benzidine-ammonium molybdate reagent (18) was nega- 
tive. The supernatant solution of ribonuclease was withdrawn and the 
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Fic. 4. Chromatographic homogeneity of purified ribonuclease A isolated from 
crystalline ribonuclease (see Fig. 2, a). 


resin washed by decantation ten times with water. To remove the last 
traces of salt, the combined supernatant fluids were allowed to flow at a 
rate of | ml. per minute through a column of the mixed resin granules 
having a bed volume of 0.15 ml. per ml. of buffer originally taken. The 
column was washed with 10 bed volumes of distilled water. The effluent 
was lyophilized to yield 20 mg. of ribonuclease A, representing a yield of 
about 40 per cent of the amount originally present in the extract. The 
material possessed 109 Kunitz units of ribonuclease activity per mg. and a 
ninhydrin color value of 0.64 um of leucine equivalents per mg., correspond- 
ing to 8.4 per cent as much color per mg. as is given by leucine. Attempts 
to isolate ribonuclease B in pure, salt-free form were not successful. The 
enzyme is not separated from other ninhydrin-positive components of the 
mixture under the conditions of the present chromatograms, and also it is 
probably present in smaller quantities than is ribonuclease A. 
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The large scale columns can also be used to purify crystalline ribonucle- 
ase preparations obtained by the Kunitz-McDonald procedure. With 
such material the effective load on the column can be much higher than 
that used in the experiments on crude extracts of pancreas. About 750 
mg. of ribonuclease, for which we are greatly indebted to Dr. Kunitz, were 
dissolved in 40 ml. of phosphate buffer of pH 6.47 and applied to the 7.5 
< 60 cm. column of IRC-50. The material before chromatography gave 
the analytical curve shown in Fig. 2, a. The yield from the preparative 
scale chromatogram was 400 mg. of an essentially ash-free product which 
was chromatographically homogeneous, as evidenced by the curve given 
in Fig. 4. The lyophilized preparation can readily be crystallized in the 
form of large plates from aqueous alcohol under the conditions described by 
Kunitz (16). The lyophilized product contained 17.8 per cent ‘ (corrected 
for moisture and 0.38 per cent ash), possessed 112 Kunitz units of ribonu- 
clease activity per mg., and exhibited a ninhydrin color. value of 0.65 um of 
leucine equivalents per mg. These values are the same as those obtained 
on the material isolated directly from the pancreatic extract by chromatog- 
raphy. When the two preparations were mixed and chromatographed on 
IRC-50, a single symmetrical peak was obtained. When either of the 
isolated samples of ribonuclease A is added to the crude extract of pancreas 
(Fig. 3, a) prior to chromatography, the ribonuclease Peak A of the extract 
rises, with no loss of symmetry. 


DISCUSSION 


A comparison of the curves obtained with crystalline ribonuclease prep- 
arations (Fig. 2) and those obtained with unfractionated extracts of pan- 
creas (Fig. 3) indicates that the crystalline preparations probably contain 
some of the B enzyme as well as the major A component. In addition, the 
shape of the curves in Fig. 2 reveals the possible presence of variable 
amounts of altered, but still enzymatically active, proteins which contribute 
to the breadth of the effluent curves between 10 and 20 ml. The degree of 
inhomogeneity of a given preparation probably depends upon the exact 
experimental conditions employed in the isolation and crystallization of 
the enzyme, for some preparations are more nearly homogeneous than 
others. 

In view of the reported presence of ribonuclease activity in tissues other 
than the pancreas, it was of interest to investigate other mammalian organs. 
Accordingly, dilute sulfuric acid extracts were prepared from beef liver, 
spleen, and thymus, under conditions identical with those employed with 
pancreas. The extracts were chromatographed on IRC-50 at pH 6.47 and 
7.2. Noribonuclease activity against yeast ribonucleic acid was detectable 
in the effluent fractions. It would appear, therefore, either that the ribo- 
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nuclease activity previously found in spleen and liver (19) is associated 
with an enzyme not chemically related to the pancreatic ribonucleases or 
that the quantities in these extracts are so small that they cannot be 
measured by the present procedure. The minimum detectable level in the 
assays was about 0.01 of the amount present in the pancreatic extracts. 


SUMMARY 


Ribonuclease can be chromatographed on columns of the carboxylic ion 

exchange resin Amberlite IRC-50 (XE-64). Various crystalline prepara- 
tions of the enzyme exhibit differing degrees of chromatographic homoge- 
neity. When 0.25 ~ sulfuric acid extracts of comminuted beef pancreas 
are chromatographed, two enzymatically active components can be recog- 
nized. Both of these components, along with partial degradation products 
of each, may appear in final crystalline preparations. The results are in 
full agreement with the conclusion of Martin and Porter that two proteins 
possessing enzymatic activity toward yeast ribonucleic acid exist in pan- 
creas. 
A chromatographically homogeneous sample of the predominant enzyme 
can be isolated either from crystalline preparations (Kunitz) or directly 
from dilute acid extracts of pancreas powder by utilizing preparative scale 
chromatography on 7.5 X 60 em. columns of IRC-50. 

The chromatographic investigations of ribonuclease have been paralleled 
by studies on the distribution of a number of other proteins between 
various adsorbents and solvents. The fundamental requirements for suc- 
cessful chromatography of proteins by elution analysis were not fulfilled in 
most cases, the exceptions, to date, being relatively stable, low molecular 
weight proteins such as ribonuclease, lysozyme, and cytochrome c. 
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By HARRIS H. TALLAN anp WILLIAM H. STEIN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, July 14, 1952) 


Lysozyme is a basic protein of low molecular weight (1) which may be 
prepared readily in crystalline form as the isoelectric protein, the chloride, 
or the carbonate by the methods of Fevold and Alderton (2). According 
to the electrophoretic analyses and the sedimentation and diffusion data 
reported by Alderton, Ward, and Fevold (3), the material isolated by 
adsorption on bentonite appears to be homogeneous. Electrophoretic ho- 
mogeneity of the directly crystallized enzyme is indicated by the work of 
Smith and Stocker (4) and of Wetter and Deutsch (5). Small amounts of 
a second component have been noticed in some cases, however, by Alderton 
et al. (3), Thompson (6), and by Anderson and Alberty (7), although the 
nature of the contaminant could not be ascertained. Furthermore, lyso- 
zyme is not homogeneous by the reversible spreading and steady state 
boundary criteria (5, 7) and inhomogeneity has also been detected by 
immunological methods (5). 

The fact that lysozyme may be chromatographed successfully on a 
column of the carboxylic acid ion exchange resin IRC-50 (XE-64) has been 
reported briefly in recent communications (8,9). The possibility of evalu- 
ating the homogeneity of lysozyme by an additional criterion thus became 
evident. The differences in chromatographic behavior exhibited by vari- 
ous preparations of lysozyme furnish the basis for the present report. 


Methods 


Isolation of Lysozyme—The procedures of Fevold and Alderton (2) were 
followed. In the present paper, “isoelectric lysozyme” refers to material 
prepared by direct crystallization from egg white (procedure B (2)) and 
recrystallized once isoelectrically (pH 9.5 to 10 in the presence of 5 per cent 
NaCl); “lysozyme carbonate” refers to material also isolated directly but 
recrystallized in the presence of 5 per cent NaHCO; “‘lysozyme chloride”’ 
refers to material isolated by adsorption on bentonite (procedure A (2)) 
and recrystallized at pH 4.5 to 5.0 in the presence of 5 per cent NaCl. 
In every case, after filtration and washing, residual water was removed 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, New York, April 14-18, 1952 (Federa- 
tion Proc., 11, 297 (1952)). 
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from the moist filter cake by lyophilization. The preparations were stored 
at room temperature. 

Chromatographic Separations on Analytical Scale—The 0.9 X 30 em. 
columns were prepared and operated in the manner described by Hirs e¢ al. 
_ (10), except that the eluent was a sodium phosphate buffer of pH 7.18 
(0.2 mM in respect to phosphate).! About 5 mg. of lysozyme in 0.5 ml. of 
buffer were chromatographed in most cases. Insoluble material, if present, 
was removed by centrifugation before the sample was added to the column. 
The effluent was collected in 0.5 ml. fractions, each of which required 0.05 
ml. (1 drop) of n HCl to bring it to pH 5 before ninhydrin analysis. 

Measurement of Lysozyme Activity—Enzymatic activity was determined 
in the effluent fractions by a modification of the method of Smolelis and 
Hartsell (11), with Micrococcus lysodeikticus.2, A suspension of the dried 
bacteria was prepared in 0.066 mM phosphate buffer (Sérensen) of pH 6.24 
such that, on a Coleman junior spectrophotometer, the percentage trans- 
mittance of a portion of the suspension diluted with an equal volume of 
buffer had an arbitrarily chosen value of 25.0. Readings were taken at a 
wave-length of 570 mp. An aliquot of the effluent fractions containing 5 
to 10 y of enzyme (usually less than 0.05 ml.) was diluted to 3 ml. with 
the buffer of pH 6.24, followed by the addition of 3 ml. of the bacterial 
suspension. The mixture was shaken and kept, with frequent shaking, at 
25° for 40 minutes. The percentage transmittance was again read, and the 
amount of enzyme present was determined by comparison with a standard 
curve relating transmittance to enzyme concentration. This curve was 
obtained by use of a sample of lysozyme purified chromatographically in 
the manner described in the next section (see Fig. 4). The activity curve 
is S-shaped, and only that portion up to 10 y of enzyme was used. A unit 
of enzyme activity, as employed in this paper, is equivalent to 1 y of the 
purified preparation. 

Chromatography on Preparative Scale—The apparatus employed was of 
the type described by Hirs et al. (12), appropriately scaled down for use 
with a 4 X 30 cm. column of resin. As much as 350 mg. of lysozyme 
dissolved in 20 ml. of buffer was chromatographed in a single run. Any 
undissolved material was removed by centrifugation prior to the addition 
of the sample to the column. The effluent fractions were 10 ml. in volume 
and were collected at a rate of three fractions an hour, maintained by a 
pressure of 5 cm. of mercury. Photometric ninhydrin analyses and deter- 
minations of enzymatic activity were performed on aliquots removed from 

1 When a synthetic mixture of amino acids (10) is chromatographed under the 
conditions employed in these experiments, the acidic and neutral amino acids move 
rapidly as a group and appear on the effluent curve between 10 ml. and 20 ml., fol- 
lowed by lysine and histidine at about 65 ml. 


2 It is a pleasure to acknowledge the generous assistance of Dr. M. McCarty and 
Dr. C. A. Stetson, Jr., who supplied the microorganisms. 


H. H. TALLAN AND W. H. STEIN 509 


every third tube. For the recovery of the purified enzyme, appropriate 
fractions were combined, freed of buffer salts, and lyophilized. 

Removal of Salts by Dialysis—Lysozyme passes through Visking cello- 
phane casing, enzymatic activity being readily detectable in the dialysate; 
as much as 90 per cent of the enzyme was lost in one experiment. Dialysis 
in collodion sacs (13) against running distilled water in a rocking dialyzer 
at 4° was therefore employed. After 20 hours dialysis, the ash content of 
the lyophilized preparations generally exceeded 30 per cent; the average 
recovery of the enzyme was 83 per cent. A second dialysis through a new 
collodion sac was necessary to reduce the ash content to less than | per 
cent; the loss in this step averaged 10 per cent. 

Removal of Salts by [on Exchange—Studies were made of possible methods 
for the removal of the buffer salt by means of a column of the mixed ion 
exchange resins Amberlite IR-120 and IRA-400 (analytical grade, 16 to 50 
mesh). The resins were separately washed with distilled water, and the 
exchange capacity of the air-dried materials was determined to be 5.0 
m.eq. per gm. for IR-120 and 1.56 m.eq. per gm. for IRA-400. Allowing a 
25 per cent excess, the resins were mixed in proportions calculated to 
deionize a given volume of the phosphate buffer. When 290 ml. of a 
lysozyme solution (combined effluent fractions of a preparative chromato- 
gram) were passed through a 4 X 33 em. column consisting of 139 gm. of 
IRA-400 and 26 gm. of IR-120, at a rate of 60 ml. per hour, the recovery 
of activity was only 75 per cent and the ash content was 13.6 per cent. 
Moreover, chromatographic analysis of the material thus obtained re- 
vealed that the desalting process had produced alterations in the enzyme. 
The peak was broader than usual and the preparation contained 18 per 
cent of faster running material. When the desalting was carried out as a 
batch process, the lysozyme solution and the mixed resins being stirred for 
25 minutes at a moderate speed and then filtered through a 0.9 * 15 em. 
column of mixed resin, the yield was again 75 per cent; the ash content was 
0.66 per cent and 7 per cent of faster running material was noted. When 
a lysozyme solution was first dialyzed in collodion sacs (yield 84 per cent, 
ash content 37 per cent) and then passed through a 0.9 X 15 em. column 
of mixed resins, the ash was completely removed and the yield was 87 per 
cent, but the chromatographic pattern was extensively altered. Thus, in 
contrast to the findings with ribonuclease (10), it does not appear possible 
to remove salts from solutions of lysozyme by mixed bed deionization 
without alteration of some of the enzyme. 

Electrophoretic Analyses—The electrophoretic measurements were made 
at 0.5° in the apparatus described by Longsworth (14) with single section 
cells of either 11.0 or 2.5 ml. capacity.’ 


* It is a pleasure to acknowledge the assistance of Dr. L. G. Longsworth and Dr. 
G. E. Perlmann in the performance of the electrophoretic analyses. 
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Results 


Homogeneity of Lysozyme Carbonate—The chromatographic behavior of 
different samples of lysozyme appears to depend upon the exact method of 
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Fic. 1. Chromatography of lysozyme carbonate on a 0.9 X 30 cm. column of 
IRC-50 (XE-64). About 5 mg. of enzyme were chromatographed in each case, with 
a 0.2 m sodium phosphate buffer of pH 7.18 as eluent. O andQO, lysozyme activity; 
@ and G, ninhydrin color value. The solid curve represents freshly prepared 
lysozyme carbonate; the dash curve, the same sample after storage for 258 days in 
the solid state at room temperature. In the presence of 0.5 per cent disodium ver- 
senate, no change in chromatographic behavior was noted. If the pH of the eluent 
is lowered, the peaks are broader and more retarded, while raising either the pH or 
the ionic strength of the eluent results in sharper, faster moving peaks. 
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Fig. 2. Rate of conversion of lysozyme A (O) to lysozymes B (0) and C (@) 
when stored as the carbonate in the solid state at room temperature. The amount 
of lysozyme in each of the peaks in each chromatogram was calculated from the 
ninhydrin analyses. 


preparation and the previous history of the material. For example, 4 
sample of lysozyme carbonate, freshly prepared in the manner indicated in 
the experimental section, gave on chromatography the results shown by the 
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solid line in Fig. 1. About 93 per cent of the material appears as a peak 
(A), the position of which corresponds to that observed for lysozyme when 
whole egg white was chromatographed (9). A small amount of a faster 
moving (Peak B) material is also present. When the fresh preparation was 
allowed to stand in the lyophilized state at room temperature, a progressive 
transformation occurred, increased quantities of Peak B and Peak C mate- 
rial being formed at the expense of Peak A (see also Tallan and Stein (9)). 


b 
€ 
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Fic. 3. Electrophoretic patterns of lysozyme preparations. Electrophoresis was 
carried out with 1 per cent protein solutions in a diethyl barbiturate buffer of pH 
7.82 and ionic strength 0.1 (0.02 n diethyl barbituric acid, 0.02 N sodium diethyl 
barbiturate, 0.08 N NaCl). a, isoelectric lysozyme after 20,500 seconds at a potential 
gradient of 4.7 volts per em.; mobility (descending) 4.64 X 10-5. 6, lysozyme car- 
bonate (stored at room temperature for 300 days) after 10,000 seconds at a potential 
gradient of 9.2 volts per cm.; mobilities (descending) 2.43 X 10-5, 3.24 X 10-5, and 
4.17 X 10-5. 


The rate of this transformation is shown in Fig. 2. At the end of 258 days 
storage, lysozyme carbonate gave the chromatographic pattern shown by 
the dash line in Fig. 1. Some insoluble material was present. At this 
time, the composition of the soluble portion of the preparation was about 
41 per cent of Peak A, 41 per cent of Peak B, and 18 per cent of Peak C. 
It is of interest that the ninhydrin and activity curves are parallel to one 
another throughout. The inhomogeneity of the stored preparation was 
also demonstrated by electrophoretic analysis, the results of which are 
given in Fig. 3, b. For comparison, Fig. 3, a shows the electrophoretic 
pattern of a sample of isoelectric lysozyme found chromatographically to 
contain 93 per cent of Peak A material. 
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Taken together, the chromatographic and electrophoretic data suggest 
that more acidic, enzymatically active molecular species are formed during 
storage of lysozyme carbonate at room temperature. Loss of ammonia, 
as a result of the hydrolysis of amide linkages, would, of course, produce 
more acidic molecules, but it has not yet been possible to obtain unequivo- 
cal evidence in support of this mechanism for the transformation. 

An attempt was made to reproduce rapidly in solution the effects which 
occurred slowly in the solid state. For this purpose, a 1 per cent solution 
of freshly prepared lysozyme carbonate was brought to pH 9 to 9.5 with 
Nn NaOH and kept at 25°. At the end of 9 days, the composition of the 
material remaining in solution was 67 per cent Peak A, 25 per cent Peak 
B, and 8 per cent Peak C, indicating that some transformation to more 
acidic species had occurred. The major part of the lysozyme had been 
rendered insoluble, however, and could not be chromatographed, a reaction 
that did not occur to nearly the same extent in the solid state. The 
amount of precipitate formed during the first 7 days could be minimized 
if the solution was deaerated and saturated with nitrogen at the beginning 
of the experiment, though almost complete precipitation still occurred 
after about 10 days. These changes could also be observed with a solution 
of isoelectric lysozyme. It would appear, therefore, that it was not pos- 
sible to duplicate by storage in alkaline solution the transformations under- 
gone by lysozyme carbonate in the solid state. 

Isoelectric Lysozyme—lIsoelectric lysozyme, prepared by “direct crystal- 
lization,’? would appear to be the most homogeneous chromatographically 
of any of the preparations examined. ‘The several samples analyzed were 
usually found to contain 95 per cent or more of the Peak A enzyme. In 
most cases, Peak B occurred in amounts less than 5 per cent, as determined 
by ninhydrin analysis, though as much as 12 per cent of inactive, fast 
moving, ninhydrin-positive material was encountered in some instances. 
In general, preparations that have been recrystallized several times contain 
more Peak B. For example, a sample furnished by Dr. W. A. Schroeder, 
that had been crystallized twice isoelectrically, once as the carbonate, once 
as the chloride, and again twice isoelectrically, showed 78 per cent of Peak 
A, 16 per cent of Peak B, and 6 per cent of Peak C. <A preparation that, 
on chromatographic analysis, contained 93 per cent Peak A gave homo- 
geneous electrophoretic patterns at pH 4.6 and 7.8 (Fig. 3, a), but showed 
a small rear shoulder at pH 9.2. In contrast to lysozyme carbonate, 
isoelectric lysozyme is stable on storage at room temperature. 

Lysozyme Chloride—The chromatographic behavior of lysozyme isolated 
as the chloride after adsorption on bentonite is slightly different from 
either of the two types of preparation already discussed. In this case, 
each step in the isolation procedure was followed chromatographically. 
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The picture obtained with whole egg white has already been given (9). 
After elution from the bentonite with 5 per cent aqueous pyridine adjusted 
to pH 5, followed by dialysis, pervaporation, and lyophilization, the crude 
preparation was grossly contaminated with an inactive fast moving com- 
ponent. Peak A, which amounted to about 40 per cent of the ninhydrin- 
positive material present, exhibited a large shoulder. Peak B was present 
to the extent of about 2 per cent. <A single recrystallization as the chloride 
removed most of the fast moving material, leaving a preparation which 
consisted of 93.5 per cent of Peak A (including the shoulder, all of which 
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Fic. 4. Chromatographic purification of isoelectric lysozyme on columns of IRC- 
50 (XE-64) with 0.2 m sodium phosphate buffer of pH 7.18 as eluent. 


was not active) and 3.4 per cent of Peak B. There still remained 3.1 per 
cent of an inactive contaminant not seen in the other preparations of lyso- 
zyme. Further recrystallization did not alter the chromatographic picture 
significantly. Electrophoretic analysis of lysozyme chloride gave results 
identical with those obtained with the isoelectric preparation. Like iso- 
electric lysozyme, the chloride is also stable on storage at room temperature. 

Chromatographically Purified Lysozyme—lIn view of the chromatographic 
inhomogeneity of all the lysozyme preparations examined, the enzyme was 
further purified by chromatography on a preparative scale. For this pur- 
pose, 280 mg. of the isoelectric protein, representing 335,000 units of activ- 
ity, were chromatographed on a 4 X 30 cm. column, yielding the results 
shown in Fig. 4. The fractions within the bracket were combined and 
freed of buffer salts by dialysis through collodion, followed by a second 


‘ 
? 
6 


514 CHROMATOGRAPHY OF LYSOZYME 


dialysis through new sacs. After lyophilization, 114 mg. of enzyme were 
obtained which contained 0.35 per cent ash and 18.7 per cent N (moisture- 
and ash-free) and which had a ninhydrin color value of 0.356 uM of leucine 
equivalents per mg., corresponding to about 5 per cent as much color per 
mg. as is given by leucine.t| Upon chromatography on an analytical col- 
umn, 0.9 X 30 cm., the dotted curve shown in Fig. 4 resulted, indicating 
that the preparation was homogeneous chromatographically. 


SUMMARY 


Lysozyme has been chromatographed by elution analysis on columns of 
IRC-50 (XE-64) with 0.2 m sodium phosphate buffer of pH 7.18 as the 
eluent. The chromatographic patterns of lysozyme chloride, lysozyme 
carbonate, and the isoelectric protein are described, and it is shown that 
three chromatographically distinct, active components may be found. The 
most homogeneous preparation is the isoelectric precipitate recrystallized 
once. Recrystallization as the carbonate should be avoided. From prep- 
arations containing more than one component, chromatography on a larger 
scale has permitted the isolation of a chromatographically homogeneous 
lysozyme. 
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4 It may be calculated that lysozyme contains seven amino groups per mole, aris- 
ing from 6 residues of lysine (cf. (1, 15)), of which 1 residue is on the amino end of the 
chain (16). The intensity of color observed in the ninhydrin reaction would arise 
from five amino groups per mole, provided each reacted with ninhydrin to the same 
extent as does the amino group of leucine. It would seem that the amino groups in 
the protein are on the average less reactive and have an average color yield of about 
0.7 compared to leucine as 1.0. 
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During the course of a study of the structural requirements for oxidation 
of fatty acids by mitochondria of rat tissue, it was found that systems forti 
fied for optimal fatty acid oxidation readily oxidized long and short chain 
aldehydes. In view of the findings by Stadtman and Barker (1) that acet- 
aldehyde oxidation by Clostridium kluyvert results in the formation of 
acetyl phosphate, the possibility was envisioned that oxidation of an alde- 
hyde by mitochondria of animal tissues might lead to an active fatty 
acid derivative, and this process was studied in the hope that information 
might thus be secured on the mechanism of fatty acid activation. Al- 
though this hope was not realized, it was felt that the data obtaimed are of 
sufficient interest to warrant publication. 


Methods 


The tissues employed in this study were homogenized by the method of 
Potter and Elvehjem (2) and mitochondria were separated by the procedure 
of Schneider (3). The directions of this investigator were followed ex- 
actly, except that any mitochondria precipitated with the nuclei in the 
first centrifugation were discarded and the twice washed mitochondria 
were finally suspended in an isotonic KCl-phosphate buffer solution in- 
stead of in isotonic sucrose. Unless otherwise indicated, the mitochon- 
drial suspension used in each Warburg vessel represented 250 mg. of fresh 
original tissue, and the medium contained the following substances in the 
designated final concentrations: MgSO, 0.005 m; sodium fumarate 0.0001 
M; adenosinetriphosphate! 0.001 mM; phosphate buffer, pH 7.45, 0.01 m; 


* Aided by grants from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, the National Cancer Institute of 
the National Institutes of Health, United States Public Health Service, and the 
United States Atomic Energy Commission, contract No. AT (30-1)777. 

t This work will constitute part of a thesis submitted by S. S. Walkenstein to the 
Graduate School of Temple University in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy. Present address, Pitman-Dunn Laboratories, 
Frankford Arsenal, Philadelphia. 

1 Adenosinetriphosphate (ATP), diphosphopyridine nucleotide (DPN), and adeno- 
sine-5-phosphate (AMP) were products of the Sigma Chemical Company. 
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and KCI 0.10 m. Phosphorus determinations were made by the method 
of Fiske and Subbarow as modified by Lohmann and Jendrassik (4), and 
acetoacetate was estimated by the method of Greenberg and Lester (5), 
The aldehydes were commercial products which were distilled prior to use? 
The vessels were maintained at room temperature until, after final addi- 
tion of the chilled tissue, they were immediately attached to the manom- 
eters and the stop-cocks closed after 5 minutes equilibration. Shaking 
was carried out for 1 hour at 38° with air as the gas phase. 


Results 


Tables I to [X illustrate the results obtained in representative experi- 
ments, which are typical of a considerably greater number which cannot 
be published in toto, owing to space limitations. Table I represents a 
survey of the aldehyde oxidase activity of rat liver mitochondria. The 
data demonstrate that a wide variety of aldehydes are oxidized, including 
odd and certain branched chain compounds. Like the corresponding fatty 
acids, the even carbon, short, and intermediate chain aldehydes gave 
high yields of acetoacetate. The possibility was tested that the aldehyde 
oxidation activity displayed by mitochondria might be due to xanthine 
dehydrogenase; however, Experiment 1 indicated that neither xanthine 
nor hypoxanthine is readily oxidized in this preparation. Neither benz- 
aldehyde nor salicylaldehyde is oxidized (Experiment 3). 

Effect of Mg Ions—As shown in Table II, in a fully fortified system it 
appears that the Mg requirement for oxidation of butyric acid is of the 
order of 0.0026 M; at this concentration oxygen consumption and aceto- 
acetate formation were maximal. With acetaldehyde as substrate, no 
stimulation was shown by magnesium, the net oxygen consumption with 
or without magnesium addition being close to that required for the one- 
step oxidation to the acid. At the low Mg concentrations, butyraldehyde 
oxidation was likewise limited to that required for conversion to butyrate, 
and marked stimulation of ketogenesis from butanal was noted at higher 
Mg concentrations. Essentially similar findings were made with kidney 
mitochondria. It would appear, therefore, that Mg ions are not required 
in the oxidation of the aldehyde to the acid, but come into play only in the 
subsequent oxidation of the latter to acetoacetate. 

Effect of Substrate Concentration—-With the exception of formaldehyde, 
oxidation of aldehydes was not inhibited by high substrate concentrations 
(Table III). In fact, owing to insolubility of the higher aldehydes, ex- 
periments had to be carried out with the aldehydes in suspension, a pro- 
cedure which apparently had no adverse effect on the system. 


2In order to observe good oxygen uptakes in the presence of the longer chain 
aldehydes, they must be purified thoroughly. Apparently inhibitory substances are 
present which generally can be removed by repeated distillation. 
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TABLE I 
Oxidation of Aldehydes and Related Substances by Rat Liver Mitochondria 
Experiment No. Aldehyde Oz uptake Acetoacetate 
BM BM 
1 None 2.55 
0.0025 mM xanthine 2.81 
0.0005 “ hypoxanthine 3.17 
2 None 1.79 
0.001 mM methanal 4.06 
3 None 3.44 
0.001 m ethanal 8.0 
4 None 3.0 0.40 
0.005 M propanal 8.58 0.60 
0.005 “ 2-methylpropanal 9.10 
0.01 mM n-butanal 11.50 4.55 
0.005 mM 3-methylbutanal 5.40 
0.002 “ n-decanal | 8.70 3.57 
0.002 “ n-dodecanal 8.44 3.95 
0.002 “ 2-ethylhexanal 3.08 0.35 
0.002 “ 2-ethyl-2-hexanal 5.45 0.80 
0.002 “ benzaldehyde 3.44 
0.002 “ salicylaldehyde | 0.58 
5 None | 2.54 
0.001 mM undecanal | 13.6 
6 None | 3.0 0.30 
0.001 m heptanal | 7.73 1.08 
0.002 “ octanal | 7.60 | 2.77 
7 None 2.55 | ().28 
0.002 m tetradecanal 7.65 1.35 
&* None 5.70 0.44 
0.001 mM hexanal 11.20 1.52 


i 


* A washed particulate fraction instead of mitochondria was used in Experiment 8. 


TABLE II 


Effect of Magnesium Ions on Oxidation of Aldehydes by Rat Liver Mitochondria 
The final concentration of the substrates was 0.002 mM. 


Substrate 
of None Acetaldehyde Butyraldehyde Butyrate 

Aceto-  Aceto- Aceto- | 
| acetate | | Or | 
0 «4.74 «1.70 «1.75 0.78 
0.00051 | 0.48 3.98 | 0.32 4.88 2.10 3.82 | 2.35 
0.0026 | 0.62 6.40 0.68 8.85 38.97 8.40 3.75 
0.0051 0.50 «5.10 1.28 8.90 7.90 | 4.25 


| 4.48 
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Effect of pH—Optimal pH for aldehyde oxidation, according to Table 
IV, is between 7.5 and 7.8, and is rather sharp, since oxidative activity 
toward acetaldehyde or butyraldehyde was almost negligible at pH 7 or 8. 

Products of Aldehyde Oxidation—Numerous experiments with acetalde- 
hyde demonstrated that the sole product of its oxidation by mitochondria 
is acetic acid. It was found that the oxygen consumption tallied with the 
amounts of acetate isolated and identified by Duclaux constants, and there 


TaBLeE III 
Effect of Substrate Concentration on Aldehyde Oxidation by Rat Liver Mitochondria 
Oxygen consumption values are corrected for endogenous oxygen consumption. 


Substrate 
Concentration 
Formaldehyde Acetaldehyde Butyraldehyde 
M 

0.001 2.27 0.94 3.04 
0.002 0.81 

0.005 | 0 4.00 4.90 
0.01 | 5.62 6.40 


TaBLe IV 
Optimal pH of Aldehyde Oxidation in Rat Liver Mitochondria 


In order to assure constancy of pH in these experiments, the buffer concentration 
was increased to 0.035 mM, and the Mg** concentration decreased to 0.0025 m. The 
substrate concentration was 0.0033 Mo. 


Substrate 
pH 

None | CH;CHO Butanal 

pm | uM O2 
6.80 | 0.90 0.40 0.79 
7.45 | 0 | 3.96 5.22 
7.80 | 1.28 | 4.31 8.68 
8.00 | 0.34 | 2.18 1.75 


was no appreciable accumulation of acetoacetate or acetoin. Oxygen con- 
sumption data (see Table I) also demonstrated that formaldehyde and 
propanal, whose corresponding acids are inert in this system, were oxi- 
dized to the corresponding acids. It thus seemed probable that the con- 
version of such aldehydes as butanal or octanal to ketone bodies was a 
two-step process involving successive oxidation of the aldehyde and the 
acid. To obtain further information concerning the oxidation of these 
aldehydes and to determine the rates of the respective processes, compari- 
sons were made between the C, and Cx aldehydes and their corresponding 
acids in regard to their rates of oxygen consumption and ketone body 
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formation, rat liver mitochondria being used. A series of four pairs of 
flasks was shaken and the reaction stopped by emptying the contents of 
the flasks into 0.15 N Ba(OH),. at the times designated. Results of such 
a comparison of butanal and butyrate are given in Table V. The close 
correspondence in oxygen consumption and ketone body production for 
the aldehyde and acid indicates that the oxidation of the acid is at least 
as rapid as that of the aldehydes, and also that the over-all reaction is not 
limited by either step, but probably by one of the electron transport steps. 


TABLE V 
Time of Formation of Ketone Bodies from Butyraldehyde and Butyrate 


Substrate 
Time None 0.002 mw butyraldehyde 0.002 m butyrate 
O2 Acetoacetate Oz net Acetoacetate O2 net Acetoacetate 

min. uM pM uM uM | uM uM 

10 0.28 2.28 1.65 2.98 1.75 

20 1.21 4.71 2.82 5.02 2.81 

30 1.78 6.10 3.53 6.58 3.80 

60 3.27 0.36 8.36 3.68 9.10 4.91 

TaBLe VI 
Ozxidations by Pigeon Liver Mitochondria 
Substrate Os uptake Acetoacetate 
uM uM 

Acetaldehyde................... 4.16 1.96 
Butyraldehyde.................. 4.72 3.23 


A similar experiment with octanal and octanoate gave completely concord- 


ant results. 


Réle of Xanthine Dehydrogenase—Inasmuch as xanthine dehydrogenase 
also oxidizes aldehydes, it was of interest to determine what réle this en- 
zyme may be playing in the mitochondrial oxidation of these substances. 
Despite many attempts, appreciable oxidation of hypoxanthine or xan- 
thine by rat liver mitochondria was never observed, either by increased 
oxygen uptake or by uric acid formation. Further evidence that xanthine 
dehydrogenase is not involved in this process is the observation that pigeon 
liver mitochondria oxidized aldehydes at about the same rate as rat liver 
(Table VI). Since pigeon liver does not contain this enzyme (6), it seems 


ty 
8. 
e- 

la 

€ 
re 


520 OXIDATION OF ALDEHYDES BY MITOCHONDRIA 


quite certain that xanthine dehydrogenase is not responsible for this ac- 
tivity. Further support for this idea has been provided by the recent 
finding of Schein and Young (7) that xanthine oxidase of rat liver is local- 
ized in the soluble fraction of the liver cytoplasm. 

Effect of Cofactors—In view of the necessity for addition of such cofactors 
as adenine nucleotide and low concentrations of a ‘“sparker” for oxidation 


TaBLe VII 


Effect of Fumarate, ATP, and DPN on Butyraldehyde Oxidation by Liver 
Mitochondria of Fasted Rat 


Cofactors Substrate 
| None 0.002 m butyraldehyde 0.002 m butyrate 
0.001 M 0.0001 m 
0.001 DPN | 
ATP fumarate Acet | | 
ane 0 0.22 1.64 | 1.10 2.44 1.62 
+ 1.60 0.63 6.16 4.46 5.08 4.42 
+ — + 1.68 0.20 9.50 | 4.35 9.20 5.18 
+ 0.79 1.42 | 4.88 3.50 4.89 4.12 
is + + 8.12 5. 


2.58 1.32 
TaBLe VIII 
Effect of ATP and Fumarate on Acetaldehyde Oxidation by Rat Liver Mitochondria 


8.48 


Additions Substrate 
ATP Fumarate None 0.005 m acetaldehyde 
~ 0 | 1.20 
_ + 0 | 1.87 
+ _ 1.46 7.15 
+ + 3.38 


of fatty acids by rat liver preparations (8-10), it was of interest to deter- 
mine the cofactor requirements for aldehyde oxidation. As shown in 
Table VII, butyraldehyde oxidation is greatly stimulated by ATP and 
fumarate, and the magnitude of oxygen uptake and ketogenesis 1s ap- 
proximately the same whether the substrate is the aldehyde or the acid. 
An interesting observation that has been made repeatedly is that the 
ATP requirement can be replaced by DPN, both for aldehyde and acid 
oxidation (11). Generally the effect of DPN was somewhat less than that 
of a similar concentration of ATP, and both cofactors gave better stimula- 
tion than either one alone. 


ria 


S. S. WALKENSTEIN AND 8S. WEINHOUSE 521 


Although fumarate in ‘“sparking’”’ concentrations markedly stimulated 
oxidation of butyraldehyde, it had no marked effect on the oxidation of 
acetaldehyde (Table VIII). Since oxidation of acetaldehyde in this prepa- 
ration stops with the formation of acetic acid, it is assumed that a “sparker”’ 
is not required for aldehyde oxidation, and its effect comes into play only 
in the subsequent oxidation of the fatty acid. Similar results have been 
obtained with kidney mitochondria. 

Coupling of Aldehyde Oxidation with Phosphorylation—In order to test 
whether aldehyde oxidation in common with other mitochondrial oxida- 
tions results in phosphorylation, acetaldehyde was employed as the sub- 
strate, since the product of its oxidation is inert and it thus is possible to 
study the single step. As shown in Table IX, in the presence of adenylic 


TaBLe IX 
Aldehyde Oxidation in Liver Mitochondria of Fusted Rat Coupled with 
Phosphorylation 
Incubation time, 15 minutes. All the flasks contained 1 mg. of cytochrome c, 
0.0001 ma fumarate, 0.0051 m MgSO,, 0.005 m AMP. Initial inorganic phosphate, 19.2 
um per flask. 


Substrate 
None M 0.01 « CHs;sCHO 
Oxygen uptake, ww................. | 1.25 5.45 3.93 
P disappearance, pM................ | 0.6 11.4 10.8 
7 min. phosphate, uww............... | 2.7 11.4 13.2 
0 


acid as P acceptor a considerable uptake of inorganic phosphate was ob- 
served during the oxidation of acetaldehyde. Since Friedkin and Lehninger 
have established that oxidation of reduced DPN in mitochondria can be 
coupled with phosphorylation (12), these results may be interpreted in 
terms of an oxidation of the aldehyde by DPN, coupled to phosphoryla- 
tion at the pyridine nucleotide level, in a manner similar to that demon- 
strated by Lehninger for B-hydroxybutyrate oxidation (13). 


DISCUSSION 


The results of this study demonstrate the presence in mammalian and 
avian liver and kidney of an enzyme capable of oxidizing aliphatic alde- 
hydes to the corresponding acids. In contrast to the acetaldehyde-oxidiz- 
ing systems of C. kluyveri (14) and Escherichia coli (15) which are coenzyme 
A-dependent and lead to acetyl coenzyme A formation, the mitochondrial 
enzyme apparently acts directly upon the aldehyde and the oxidation 
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product is the corresponding acid as such. Of the wide variety of enzymes 
which have been reported to oxidize aldehydes (1, 15-19), the mitochon- 
drial enzyme appears to resemble most closely the DPN-specific dehydro- 
genase recently described by Racker (18). Of the various aldehydes tested 
by us and by Racker, the only difference in substrate specificity was the 
inactivity of salicylaldehyde in mitochondria. Another difference was a 
pH optimum of 7.5, as compared with 9.3 for the purified enzyme. Because 
of the complexity of the mitochondrial aldehyde oxidase system, and since 
an intact electron transport system is required for demonstration of ac- 
tivity by manometric means, such differences cannot be regarded as de- 
cisive. 

At first glance it might appear that the lack of necessity for DPN addi- 
tion when ATP is present would argue against involvement of the Racker 
enzyme; however, it is well established that mitochondria of liver and kid- 
ney (11, 20, 21) can generally carry out DPN-specific oxidations without 
the necessity of adding the coenzyme. This indicates that the intact 
mitochondrion binds sufficient DPN firmly enough to withstand repeated 
washing with isotonic solutions. The stimulating effect of ATP on this 
aldehyde oxidation system is not easily explainable, however. The fact 
that ATP stimulates the oxidation of fatty acids and other substrates 
whose dehydrogenation is DPN-dependent (11) suggests that at least one 
function of the added ATP may be to maintain the DPN level. This 
could conceivably be due to its effect in maintaining the equilibrium of 
DPNase activity in the direction of DPN synthesis, as would be expected 
from the following equation (22): 


DPN + pyrophosphate = ATP + nicotinamide mononucleotide 


or it is possible that ATP may exert some indirect effect by maintaining 
the integrity or organization of the mitochondrion, thus preventing dilu- 
tion of DPN by leaching out in the medium. 


SUMMARY 


Mitochondria of rat and pigeon liver and rat kidney oxidize a variety 
of long and short chain aldehydes to the corresponding acids. Evidence 
is presented for the view that they are oxidized directly to the correspond- 
ing acid, without the formation of an active acyl derivative. In contrast 
with the oxidation of the corresponding acids, neither Mg ions nor “prim- 
ers’”’ are necessary, but activity requires the presence of either ATP or 
DPN. The properties of this system suggest that the enzyme concerned 
is the DPN-specific aldehyde dehydrogenase recently described by Racker. 
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PREPARATION OF SERUM LIPIDE EXTRACTS FREE OF 
INORGANIC PHOSPHATE* 


By DONALD D. VAN SLYKE ano JACOB SACKSf 


(From the Departments of Medicine and Biology, Brookhaven National Laboratory, 
Upton, New York) 


(Received for publication, September 3, 1952) 


The present paper presents data concerning the presence or absence of 
inorganic phosphate in lipide solutions prepared either as direct. alcohol- 
ether extracts of serum or as extracts of protein-lipide precipitates from 
serum. 

Data available in the literature leave some uncertainty as to whether all 
the phosphorus in the alcohol-ether lipide extracts of plasma made by 
Bloor’s (1) method is organic, or whether it is accompanied by inorganic 
phosphate. Man (2) used the classical criterion of solubility in petroleum 
ether as a test of the lipide nature of the phosphorus. She found that when 
the alcohol-ether extract of human plasma was concentrated to dryness at 
less than 37° temperature, under diminished pressure in a nitrogen atmos- 
phere, the phosphorus in the residue was 95 to 100 per cent soluble in 
petroleum ether, and concluded that, “Quantitative determination of phos- 
phatides by determination of the total alcohol-ether-soluble phosphorus is 
therefore justified.” 

Later observations, however, indicated that solubility in petroleum ether 
might be inadequate as either a positive or negative criterion. Erickson 
etal. (3) and Folch and Van Slyke (4) found that a phosphatide or phos- 
phatide mixture occurs in human plasma which does not redissolve in 
petroleum ether; it had properties suggestive of sphingomyelin and was 
found in small amounts in normal plasmas, but in some pathological plas- 
mas might represent 40 per cent of the total phosphatides (4). On the 
other hand, Foleh and Van Slyke (4) and Christensen (5) found that in the 
presence of blood phosphatides anhydrous petroleum ether dissolves sig- 
nificant amounts of blood erystalloids, including sodium and potassium 
salts, that by themselves are insoluble in petroleum ether; these substances 
were found dissolved in the petroleum ether when that solvent was applied 
to dried residues of alcohol-ether extracts of blood and plasma. Whether 
inorganic phosphate was present, either in the alcohol-ether first extract or 
in the petroleum ether second extract, was not determined. 

* This research was done under the auspices of the Atomic Energy Commission. 


t Present address, Department of Chemistry, University of Arkansas, Fayette- 
ville, Arkansas. 
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Inorganic phosphate data are also lacking concerning the materials dis. 
solved by lipide solvents from the protein-lipide mixtures precipitated from 
plasma by protein precipitants. Blood protein precipitates formed with 
tungstic acid (6) or colloidal iron (4) appear to contain all the plasma 
lipides in forms extractable by organic solvents. Use of the iron precipi- 
tant was introduced (4) to obtain lipide extracts free from water-soluble 
crystalloids. Lipide extracts from both the tungstic acid (6) and the iron 
precipitate (3, 7) have shown phosphorus contents per ml. of plasma ap- 
proximating those estimated from the phospholipides determined by other 
procedures, but the absence of inorganic phosphate was not demonstrated 
by direct analysis. 


EXPERIMENTAL 


To find whether the direct alcohol-ether extract of serum contains inor- 
ganic phosphate, we have added Na,HP”O, to human sera, in amounts too 
small to raise the total PO, significantly, but of such high activity that 
even a slight proportion of P® in the alcohol-ether extract could be mea- 
sured. The sera were mixed with 25 volumes of Bloor’s (1) solvent (3 
volumes of 95 per cent ethyl alcohol and 1 volume of ethyl! ether) at room 
temperature and centrifuged. Heating during the extraction was omitted, 
as Boyd (8) has shown that it does not increase the yield of extracted 
lipides. The supernatant extracts were analyzed for total carbon (9, 10) 
and total phosphorus (11), and the specific radioactivity of the phosphorus 
was determined as described by Sacks (12, 13). All analyses were made 
in duplicate or triplicate. 

To find whether protein-lipide precipitates from plasma yield inorganic 
phosphate on extraction with alcohol-ether, precipitates were made from 
serum by colloidal iron (4) and zine hydroxide (14). In each case | ml. of 
serum was precipitated at a 25 ml. volume, with one-half the amount of 
precipitant prescribed for 1 ml. of whole blood (4, 14), in a glass-stoppered 
centrifuge tube marked at 25 ml. capacity. Each precipitate was washed 
by centrifugation twice, with 25 ml. portions of 1 per cent magnesium 
sulfate for the iron precipitate and of 1 per cent zine sulfate for the zinc 
precipitate. A 3:1 mixture of 95 per cent alcohol and ether was added 
to the washed residue until the tube was filled to the 25 ml. mark. Pre- 
cipitate and solvent were thoroughly mixed and centrifuged, and the su- 
pernatant fluid was analyzed as described for the direct Bloor extracts. 
Analyses were made in duplicate on three separately precipitated and ex- 
tracted samples of each serum. 

The carbon content of the extracts served as an indicator of the lipide 
content of the serum. In the extracts from the precipitated washed serum 
proteins, the carbon may be taken as all of lipide nature (3, 4,7). In the 
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direct Bloor extract, an excess of 50 to 60 mg. of carbon per mJ. of plasma 
over the carbon extracted from the precipitates represents chiefly water- 
soluble crystalloids, glucose, etc.; a smaller part of the difference has been 
found to be due to 2 or 3 per cent of lipides not extracted from the pre- 
ipitate. 

a order to ascertain the solubility of Na,HPO, in the alcohol-ether 
wlvent in the absence of proteins, Ringer’s solution containing Na,HP®O, 
was prepared, 1 ml. portions were mixed with 25 ml. of Bloor’s solvent, the 
mixture was filtered, and the filtrate was analyzed for radioactive phos- 


phorus. 


Taste I 
Inorganic Phosphate Extracted by Alcohol-Ether from Serum and from Serum Protein 
Precipitates 
| | Alcohol-ether extracts 
Oo. activity, — 
mg. pet Ringer's extracted scrum serum or ml. serum or| Pet cent of 
| Ringers | 
] 2.85 | 223,000 | Serum 522 7.58 86 0.04 
2 4.10 | 173,000 oe 715 10.40 0 0 
| Colloidal 656 10.35 41 0.03 
Fe ppt. 
3 | 2.85 5,855 | Serum 702 9.62 0.1 0.02 
' | Zine ppt. 641 9.50 | 0.0 0 
Ringer’s solu. 5.0 24,700 | Solution 0 | <0.1 | 320 1.3 
tion | | 
Results 


The results are given in Table I. The direct alcohol-ether extracts, pre- 
pared by mixing | volume of serum with 25 volumes of Bloor’s 3:1 alcohol- 
ether solvent, contained less than 0.05 per cent of the serum inorganic 
phosphorus, estimated from the P™ activity of the phosphorus in the ex- 
tract. 

Extracts prepared with the same solvent from precipitates of serum 
proteins and lipides, precipitated together by colloidal iron or zine hydrox- 
ide, were found similarly free of inorganic phosphate. 


SUMMARY 


Lipide extracts have been prepared with Bloor’s solvent (3:1 alcohol- 
ether), directly from Na,HP®O,-containing normal human serum, and from 
serum protein-lipide precipitates formed with zine and ferric hydroxides. 
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Neither the direct extracts, nor the extracts of the precipitates formed 


with zine or ferric hydroxide, contained as much as 0.1 per cent of the 
serum inorganic PQO,, as indicated by the radioactivity of the phosphorys 
in the extracts. 


w to 
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CHANGES IN FREE AMINO ACIDS OF BRAIN AND MUSCLE 
AFTER TOTAL HEPATECTOMY 


ty EUNICE V. FLOCK, MELVIN A. BLOCK,* JOHN H. GRINDLAY, FRANK 
C. MANN, anp JESSE L. BOLLMAN 


(From the Division of Experimental Medicine, Mayo Foundation, University of 
Minnesota, Rochester, Minnesota) 


(Received for publication, June 16, 1952) 


A progressive accumulation of many free amino acids of plasma occurs 
after complete removal of the liver if just sufficient glucose is given to 
prevent hypoglycemia symptoms (1-3). Glutamine, the most abundant 
amino acid of plasma, increases the most. Because of the high concentra- 
tions of glutamine and glutamic acid in brain and muscle and the possible 
metabolic functions of these substances we have determined what changes 
in their concentration occur after hepatectomy. Variations in the amount 
of glucose administered did not affect the concentration of these amino 
aids in the tissue (3). The possible relation of the observed change in 
concentration of glutamine in the brain to the characteristic terminal symp- 
toms (4) of removal of the liver has also been investigated. 


EXPERIMENTAL 


Dogs weighing from 7.8 to 20.0 kilos were fasted for 20 hours prior to 
removal of the liver. Total hepatectomy was performed by either the 
three-stage technique of Mann (5) or the two-stage technique of Grindlay 
and Mann (6). Many of the dogs were given a continuous infusion of a 
solution of glucose at different rates, starting either soon after removal of 
the liver or after hypoglycemia had developed from 4 to 7 hours later. In 
afew cases when hypoglycemic symptoms had developed, or at the end of 
the period of infusion, specimens of the brain and gluteal muscle and blood 
were rapidly removed. The tissues were frozen in solid carbon dioxide. 

Protein-free extracts of tissue were prepared essentially by the method of 
Solomon, Johnson, Sheffner, and Bergeim (7) for study of the distributior 
of the free amino acids by paper chromatography. Aliquots of the extract 
equivalent to 1 or 2 gm. of tissue were evaporated to dryness in vacuo to 
remove the acetic acid, and the residue was dissolved in water. The salts 
were removed by the electrolytic method of Consden, Gordon, and Martin 
(8) in approximately 15 minutes, and the solution was concentrated to a 
small volume. Two-dimensional chromatograms of aliquots corresponding 
to 100 mg. of tissue were developed by the ascending technique of Williams 


* Fellow in Surgery, Mayo Foundation, University of Minnesota. 
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and Kirby (9), as previously described (3). The sheets were sprayed with 
ninhydrin dissolved in ethanol (10) and the color was developed at room 
temperature. 

For quantitative estimation of glutamic acid, one-dimensional chromato. 
grams were made in 75 per cent phenol in the usual manner. Aliquots of 
the desalted extracts corresponding to 12 mg. of brain tissue and either 2 
mg. of normal muscle or 100 mg. of muscle from a dehepatized dog were 
applied to the filter paper along with standards of 7.5, 15, and 22.5 of 
glutamic acid. After development of color with ninhydrin, the spots of 
glutamic acid were cut out. The color was extracted with water and meas. 
ured in the Coleman spectrophotometer. This is similar to the technique 
used by Roberts and Frankel (11) for the determination of y-aminobutyric 
acid. Chromatograms of the undesalted extract can be used for the deter- 
mination of glutamic acid, since the sample of brain tissue used is small. 
The concentration of glutamic acid found in the undesalted extract did not 
differ significantly from that in the desalted extract. Nor did the addition 
of sufficient glutamine to the brain tissue to increase the concentration 4- 
fold alter the concentration of glutamic acid found in the desalted extract, 
When glutamic acid was added in amounts comparable to that in the brain, 
a 92 per cent recovery was found in the desalted extract. 

Glutamine was determined in the undesalted extracts of Solomon after 
precipitation with neutral lead acetate according to the method of Hamil- 
ton (12). The total a-amino nitrogen of the free amino acids in this filtrate 
was determined by the method of Hamilton and Van Slyke (13). No 
correction has been applied for the 10 per cent loss of glutamine which 
occurs during its determination with ninhydrin as shown by Hamilton, or 
for the additional 10 per cent loss which occurs during the preparation of 
the Solomon filtrate. The increase in concentration of glutamine in brain 
and muscle tissue after hepatectomy is therefore about 20 per cent greater 
than our analyses indicate. 


Results 


The pattern of free amino acids in the brain tissue of the normal dog was 
quite similar to that found in chromatograms of the brain tissue of the 
normal mouse or rabbit by Roberts, Frankel, and Harman (14). In chro- 
matograms both of the cerebrum and of the cerebellum relatively small 
spots indicative of low concentration were found for leucine, valine, arg'- 
nine, lysine, alanine, threonine, glycine, and serine (Fig. 1). Somewhat 
larger spots were found for y-aminobutyric acid, taurine, and aspartic acid. 
By far the largest spot was that of glutamic acid, which was at least twice 
as large as that of glutamine. 

Changes from the normal pattern of free amino acids of dog brain found 
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after hepatectomy included the appearance of spots of phenylalanine and 
tyrosine, and a very large increase in size and density of the spot of gluta- 
mine. These same changes were found in dogs that received minimal 
amounts of glucose, as, for example, at a rate from 0.12 to 0.23 gm. per 


> 


Fic. 1. Chromatograms of the free amino acids of the cerebrum and cerebellum 
from a normal dog. Aliquots corresponding to 100 mg. of tissue were applied to each 
sheet at spot XN. The sheets were developed in the vertical direction in 75 per cent 
solution of phenol containing S-hydroxyquinoline, one beaker containing a solution 
of sodium evanide and another containing concentrated ammonium hydroxide in 
the chamber, and in the horizontal direction in 65 per cent solution of lutidine con- 
taining sodium eyanide and diethylamine. Composite key to numbers in Figs. 1, 
2, and 3: 1, phenylalanine; 2, leucine; 3, valine; 5, arginine; 6, lysine; 7, tyrosine; 
8, alanine: 9, threonine; 10, glutamine; //, taurine; 1/2, glycine; /3, serine; 14, glu- 
tamie acid; 15, carnosine; 16, aspartic acid; 78, histidine; 19, glutathione; 20, y- 
aminobutyric acid; 2/, unknown. The concentrations of total a-amino nitrogen 
were 23.4 mg. per 100 gm. in the cerebrum and 27.1 mg. in the cerebellum. 


kilo of body weight per hour continuously by intravenous injection (Fig. 
2), and in dogs that received much larger amounts of glucose, as at the rate 
of 0.68 gm. per kilo per hour. The larger amounts of glucose, which were 
more than equivalent to the calorie needs of the animals, prevented the 
increase in the free amino acids of plasma which occurred when the smaller 
amounts of glucose were given, but did not prevent the increase of gluta- 
mine in the brain. 

Quantitative determinations of the total free amino acids have been made 
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of brain and muscle of normal and dehepatized dogs (Table I). Two of the 
normal dogs had a control operation involving a period of anesthesia and 
manipulation similar to that necessary for hepatectomy, and they also were 


es 


Fic. 2. Chromatograms of the cerebrum and cerebellum 24 hours after hepatec- 
tomy, from a dog receiving continuously from 0.12 to 0.23 gm. of glucose per kilo of 
body weight per hour. The concentration of total a-amino nitrogen was 56.0 and 
52.6 mg. per 100 gm. in the cerebrum and cerebellum, respectively, and 8.7 mg. per 
100 ml. in the plasma. Composite key in legend to Fig. 1. 


Taste I 
Effect of Hepatectomy on Free Amino Acids 


| Total a-amino N* 
Hrs. after hepatect No. of | ‘| 
rs. after hepatectomy dogs | hg. per 100 mal. Mg. per 100 gm 
plasmat 
| Muscle Cerebrum Cerebellum 
| | | 
0 11 (3.640.1 19.6 + 0.7 23.8 + 1.0 25.5 + 21 
5- 8 8 8541.0 21.04 2.0 36.2 + 1.9 36.5 + 24 
13-24 10 80 +408 23.64 1.3 54.0 + 2.4 52.5 + 3.1 


* The number following + is the standard error of the mean. 
t The series of dogs in which studies of plasma were made was larger (twenty- 
three dogs) than the series in which studies of tissue were made. 


given an intravenous injection of a solution of glucose for 12 and 15 hours 
respectively. These procedures did not affect the level of the free amino 
acids of brain. The dehepatized dogs have been grouped according to 
hours of survival regardless of the amount of glucose they received, since 
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yariations in this did not seem to alter the results. An increase was found 
in the concentration of free amino acids of the brain within 5 to 8 hours 
after hepatectomy, and this progressed further during the interval of 13 to 
24 hours, when the concentration reached mean values approximately twice 
that of the normal cerebrum or cerebellum. Some increase was found in 
the concentration of free amino acids of muscle in the interval of 13 to 24 
hours after hepatectomy, but it was much smaller than that found in the 
brain. 

The concentration of glutamic acid in the brain of the normal dog was 
more than twice as great as that of glutamine (Table II). This proportion 
is similar to that found previously in dogs, pigeons, rats, cats, sheep, and 


Taste II 
Glutamine and Glutamic Acid 


a-Amino N* 


Hrs. after No. of Mg. per 100 gm. 


tomy ~~ ml. Muscle | Cerebrum 

Glutamine —_ Glutamic acid Glutamine Glutamic acid 
0 O88 +008 44404 40406 5.2405 12.240.7 
&-8 8 $2.4 +0.3 8.0 + 1.2 0.724 0.2 12.824 1.9 12.7 + 0.4 
13-24 10 29 +03 9.92407 1020.1 27.4417 1264+ 1.0 


* The ‘number following + is the standard error of the mean. 
t The series of dogs in which studies of plasma were made was larger (twenty- 
two dogs) than the series in which studies of tissue were made. 


cattle by Schwerin, Bessman, and Waelsch (15) and by Krebs, Eggleston, 
and Hems (16). The concentration of glutamine began to increase in the 
brain shortly after the liver was removed. An increase from the average 
value of 5.2 mg. per 100 gm. of cerebrum in normal dogs to 12.8 mg. was 
found in from 5 to 8 hours after hepatectomy and to 27.4 mg. in from 13 
to 24 hours. The early increase was found in the brain at the time of 
hypoglycemia in dogs which did not receive glucose and also in other dogs 
in which hypoglycemia was prevented by the administration of glucose. 
Characteristic symptoms which occur terminally after hepatectomy in dogs 
receiving adequate amounts of glucose were found in most of the dogs 
studied after 18 to 24 hours. The glutamine content of the brain was 
markedly increased in all of the dogs with terminal symptoms, but was 
equally high in other dogs which had not shown characteristic symptoms. 

Changes observed in the chromatograms of free amino acids of muscle 
after hepatectomy were similar in some respects to those seen in the brain. 
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The spots of phenylalanine and tyrosine appeared, and some increase jn 
size of the glutamine spot was observed. In contrast to the changes seen 
in chromatograms of brain, was the pronounced decrease in the size of the 
glutamic acid spot (Fig. 3). Quantitative studies showed an increase jn 
the concentration of glutamine from an average of 4.4 mg. per 100 gm. in 
normal dogs to 9.9 in dogs 13 to 24 hours after hepatectomy. Associated 
with this increase was a decrease in concentration of glutamic acid of 
sufficient magnitude to account for most of the increase in glutamine. 


_ 


Fic. 3. The chromatogram on the left shows the free amino acids of muscle of a 
normal dog, the one on the right of muscle from «a dog 24 hours after hepatectomy. 
The concentrations of total a-amino nitrogen were 21.5 mg. and 22.6 mg. per 100 gm. 
in the muscle of the normal and dehepatized dogs, respectively. Composite key in 
legend to Fig. 1. 


C'omment 


The fact that marked chemical changes begin in the brain immediately 
after removal of the liver and are subsequently progressive with time indi- 
cates that the brain is very sensitive to substances in the blood. The 
absence of such changes following mock operation seems to eliminate nerv- 
ous control from consideration here. The increased glutamine content of 
the brain after hepatectomy is not proportional to the increased glutamine 
content of the blood and is not related to the changes of glutamine in the 
blood which may be produced by administration of glucose. While some 
of the increase of glutamine in the brain may be due to permeability 
changes, the fact remains that some metabolic processes of the brain are 
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immediately altered by removal of the liver from the course of the blood 
reaching the brain. 

The extra amount of free glutamine in the brain could conceivably come 
from the plasma or be formed in the brain either by hydrolysis of the 
proteins or by synthesis. An increase in the concentration of glutamine in 
the brain has been demonstrated following intravenous injection (15, 17) 
or feeding of glutamine (18). An increase has also been found in the tissues 
of animals after ingestion of an incomplete protein or after feeding iodinated 
casein by Tigerman and MacVicar (19). A similar increase observed in 


 eut rhubarb leaves by Vickery and Pucher (20) was shown to be related to 


an increased breakdown of protein. The brain is also equipped with an 
enzymatic system capable of synthesizing glutamine (21, 22). The many 
pathways by which glutamine and glutamic acid can be synthesized and 
the physiologic importance of these substances have been reviewed (23-25). 
Studies of the distribution of isotopically labeled glutamine and glutamic 
acid after hepatectomy should aid in determining the origin and physiologic 
significance of the glutamine in the brain. 

In an earlier study we considered the possibility that the increased 
amount of glutamine in plasma after hepatectomy might have been due to 
simple diffusion from muscle, with its larger pool of glutamine. The pres- 
ent quantitative studies, however, indicate that the pool of glutamine in 
muscle is also increased. Most of the extra glutamine in muscle could have 
come from conversion of the glutamic acid in the absence of the liver. 


SUMMARY 


Characteristic changes appear in the brain as a result of loss of hepatic 
function. The concentration of free amino acids of the brain increases 
progressively up to approximately twice the normal value in from 13 to 24 
hours after total hepatectomy in the dog. This is preponderantly due to 
the 5-fold increase in the amount of glutamine. There is, however, no 
significant change in the concentration of glutamic acid. 

A definite but smaller increase in the concentration of glutamine in 
muscle also occurs, but this is associated with a decrease of similar degree 
jn the concentration of glutamic acid. 
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"EFFECT OF PROTEIN DEPLETION ON THE TRANSAMINATING 
ACTIVITIES OF SOME RAT ORGANS* 


By JORGE AWAPARA 


(From The University of Texas, M.D. Anderson Hospital for Cancer Research, 
Houston, Texas) 


(Received for publication, July 22, 1952) 


Recent experiments carried out in this laboratory (1) have demonstrated 


that castration or the administration of estrogens brings about significant 


alterations in the transaminating activities of the accessory sex organs of 


the male rat. Alanine-glutamic transaminase activity was found to de- 


crease as the accessory sex organs lose weight following either form of 


treatment, whereas aspartic-glutamic transaminase changes only slightly, 
or does not change at all. This response suggests that the two enzymes 


studied are probably associated with different protein components, one of 


- which is lost readily under the conditions of the experiment. The experi- 


ments of Miller (2, 3) demonstrate that livers from animals maintained on 


_ protein-deficient diets possess lower enzymatic activity (catalase, alkaline 


phosphatase, cathepsin, and xanthine oxidase) than the livers of animals 
maintained on complete diets. Similar alterations in enzymatic activity of 
liver have been observed in fasted rats or in rats deficient in some nutri- 


tional factor (4-6). The only information on the effect of protein defi- 


clency on transaminase activity was reported by Kaplansky et al. (7) who 
indicated that alanine-glutamic transaminase decreases in the livers of rats 
maintained on a diet low in protein for 25 to 30 days. 

The present investigation was carried out to determine any alterations 
in both alanine and aspartic transaminase activities of livers from animals 
maintained on a protein-free diet and to compare these probable changes 
with those observed in the accessory sex organs of the male rat following 
castration. 


EXPERIMENTAL 


Male rats of the Sprague-Dawley strain, weighing 250 gm. at the start 
of the experiment, were used throughout. The complete diet was made to 
contain 52.5 per cent starch, 7.5 per cent vegetable oils, 11.2 per cent 


cellulose, 3.8 per cent salts, and 25.0 per cent casein, and the following 


*This investigation was supported by research grants from the National Cancer 


| Institute of the National Institutes of Health, United States Public Health Service, 


and from the American Cancer Society, as recommended by the Committee on Growth 
of the National Research Council. 
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vitamins per kilo of diet: 10 mg. of thiamine hydrochloride, 30 mg. of 
riboflavin, 10 mg. of pyridoxine hydrochloride, 30 mg. of calcium panto. 
thenate, 25 mg. of niacin, 1 gm. of choline chloride, 4 mg. of menadione, 
and 500 mg. of inositol. The protein-low diet was identical except that 
only 8 per cent casein was incorporated. The difference was made up with 
starch to give a diet isocaloric with the complete diet. The protein-free 
diet was also made up isocaloric with the other two diets. Animals were 
fed ad libitum and the food weighed daily to determine intake. Four 
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Days 
Fic. 1. Changes in transaminase activity of liver following protein depletion. 
Shaded boxes, complete diet; clear boxes, protein-free diet. 


animals from each of the protein-free and complete diet groups were sacri- 
ficed at the end of 2, 4, 6, 12, and 20 days. The livers were removed and 
both alanine and aspartic transaminases determined by a method reported 
recently (8). Aliquots of tissues were taken from each organ and total 
nitrogen determined by a semimicroprocedure. In the second portion of 
this study, three groups of six animals per group were fed the three different 
diets for 20 days. At the end of this period the animals were sacrificed 
and transaminase and total nitrogen activity determined in several organs. 


RESULTS AND DISCUSSION 


The influence of protein depletion upon the activity of alanine and 
aspartic transaminases in the liver is depicted in Fig. 1. Alanine trans- 
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aminase activity decreases until about 50 per cent of the activity has bee, 
lost; there seems to be no further decrease in activity by maintaining 
animals on a protein-free diet up to 20 days. Contrary to alanine trans. 
aminase, aspartic transaminase changes slightly and the changes are sta. 
tistically insignificant. It seems that alanine transaminase is an unstable 
enzyme readily affected by protein restrictions, whereas aspartic trans. 
aminase remains essentially unaltered. A similar relationship was ob. 
served in the accessory sex organs of the male rat; the activity of alanine 
transaminase decreased in the ventral prostate approximately 6 times fol- 
lowing castration and prostatic atrophy, whereas aspartic transaminase 
activity did not change (1). In Table I are shown values for alanine and 
aspartic transaminase activities of various organs from animals maintained 
on three different diets for 20 days. Alanine transaminase activity de. 
creases significantly (p < 0.05) in livers from animals maintained on a 
protein-free diet, but does not change in the group of animals kept on 8 
per cent casein. Aspartic transaminase, however, remains essentially the 
same. The results obtained for the kidney and the accessory sex organs do 
not suggest a definite pattern of alteration, except perhaps for the seminal 
vesicle in which significant losses in both alanine and aspartic transaminase 
were observed. 

The present data support the concept that liver enzymes can be lost as 
a result of inanition as shown by Miller,(2). Moreover, the results re- 
ported here suggest that the two transaminases studied do not possess the 
same degree of stability. In the kidney, from animals maintained on a 
protein-low diet, both transaminases decrease significantly. This uney- 
pected response cannot be explained on the basis of nitrogen losses, since 
in this organ the nitrogen content did not vary significantly when the 
animals were maintained on protein-low or protein-free diets. 

The factors responsible for the difference in stability between alanine 
and aspartic transaminase in different organs cannot be evaluated at the 
present time. From previously reported observations (1) and from this 
work, we may conclude that the two enzymes are either associated with 
two different protein components, one of which is more stable than the 
other, or they are localized in different parts of the cell. 


SUMMARY 


1. Alanine-glutamic and aspartic-glutamic transaminases were measured 
in the liver, kidney, prostate, and seminal vesicle of rats maintained on 
diets of different protein content. The livers of rats maintained on a 
protein-free diet were found to lose about 50 per cent of their original alanine 
transaminase activity in about 4 days, but no further losses occurred up to 
20 days on this regimen. No changes took place in the activity of aspartic 
transaminase. 
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2. No definite alteration was observed in the accessory sex organs of 
animals kept on diets free of protein from those fed a diet containing 25 
per cent casein. There were no changes in the nitrogen content of these 
organs, while there was a significant loss of nitrogen in the liver. 

3. Significant losses in the activity of alanine and aspartic transaminases 
were observed in the kidneys from animals maintained on a protein-low 
diet. But no changes were observed in the activities of those enzymes in 
the kidneys from animals maintained on a protein-free diet. 
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STUDIES ON MYOSIN-ADENOSINETRIPHOSPHATASE* 


By J. GERGELYT 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, July 25, 1952) 


The ATPase! activity of myosin and actomyosin preparations has been 
established by previous studies (2, 3). There has been some speculation 
whether myosin itself is the ATP-splitting enzyme or the ATPase proper 
is attached in a secondary manner to the myosin molecule (4). Polis and 
Meyerhof (5) succeeded in preparing, by means of a La salt precipitation, 
a myosin fraction that had 2- to 3-fold increased ATPase activity. The 
question, however, remained open whether this fraction of higher activity 
was still to be considered myosin or represented ATPase separated from 
the contractile protein. 

To obtain further insight into the relationship of ATPase and myosin 
we have treated myosin with trypsin and investigated the ATPase ac- 
tivity, the viscosity of this preparation, and some of its reactions with 
actin. 


Methods 


Enzyme Assay—Liberation of inorganic phosphate from ATP was meas- 
ured at 39°. If not otherwise stated, the incubation mixture had the fol- 
lowing composition: 200 um of glycine buffer, pH 9.2, 200 um of KCl, 
20 um of CaCl, and 2 um of ATP. The total volume was 2 ml. In order 
that specific activities (units per mg. of protein) may be expressed in terms 
of the customary Qp (6), 1 unit was defined as the amount of enzyme neces- 
sary to liberate 1/22.41 um of inorganic phosphate per hour. The amount 
of enzyme was so chosen that not more than 40 per cent of the initial ATP 
was hydrolyzed during the incubation time of 5 minutes. Under these 


* A preliminary report of this work was presented before the American Society of 
Biological Chemists at Atlantic City, April, 1950. Since the publication of this re- 
port some of our results have been independently confirmed by Perry (1). 

t This work was carried out during the tenure of a Special Research Fellowship of 
the Experimental Biology and Medicine Institute, United States Public Health 
Service. 

Present address, Cardiovascular Research Laboratory, Massachusetts General 
Pl and Department of Medicine, Harvard Medical School, Boston, Massa- 
chusetts. 

! The following abbreviations are used in this paper: ATP, adenosinetriphosphate; 
ADP, adenosinediphosphate; ITP, inosinetriphosphate; ATPase, adenosinetriphos- 
phatase; ITPase, inosinetriphosphatase. 
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conditions the amount of phosphate liberated was proportional to the 
amount of enzyme present in the incubation mixture. 

Determinations—Inorganic phosphate was determined according to Fiske 
and Subbarow (7), with a Coleman model 14 photoelectric colorimeter, 
Viscosity measurements were carried out in Ostwald type viscometers, 
outflow time being about 100 seconds. The purity of ATP preparations 
was determined on the basis of their labile (inorganic phosphate liberated 
in 9 minutes at 100° in 1 N HCl) phosphate content, optical density at 265 
mu, and differential spectrophotometric measurements according to Kal- 
ckar (8). A Beckman model DU spectrophotometer was used for ultra- 
violet absorption measurements. Protein concentration was determined 
from the light absorption at 280 and 260 mu (9). Occasional N determina- 
tions? were carried out to check this procedure, the factor 6.2 being used 
for converting N values to protein. 

Preparations—Myosin was prepared essentially according to Szent- 
Gyorgyi (3), by extraction of minced rabbit muscle with 0.6 m KCI- 
phosphate buffer, pH 6.5, and crystallization on diluting to a final con- 
centration of 0.06 m KCl. Actin contamination, if present, was removed 
as actomyosin by adding ATP (10). Actin was prepared according to 
Feuer et al. (11). Apyrase and myokinase were prepared according to 
Kalckar (12), and 5-adenylic acid deaminase according to 8S. P. Colowick.’ 

ATP was obtained as the Ba salt from the Sigma Chemical Company, 
St. Louis, and converted into the Na Salt for use. ITP was prepared 
according to Kleinzeller (13). Crystalline trypsin was obtained from the 
Worthington Biochemical Laboratory. 


Results 


Trypsin Digestion of Myosin—1 ml. of a myosin solution, 0.6 m KCI, 
and 10 to 15 mg. of protein per ml., pH 8, were incubated at 25° with 
10 y of trypsin. At the end of the incubation, the mixture was diluted 
10-fold with ice-cold distilled water and stored at 0°. The trypsin-treated 
myosin showed a decreased viscosity and a changed behavior towards 
actin. A solution containing actin and untreated myosin at an ionic 
strength of about 0.6 shows a drop in viscosity on the addition of ATP. 
At ionic strength of about 0.1 the addition of ATP brings about super- 
precipitation. A 15 minute incubation of myosin with trypsin was sufb- 
cient to cause the superprecipitation reaction to disappear. The change 
in the viscosity decrease on addition of ATP in the presence of actin 1s 
shown in Fig. 1, together with the viscosity changes of myosin. In con- 


2 Kindly performed by Dr. W. C. Alford. 
3 Personal communication. 
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trast to the effect of trypsin on the viscosity of myosin and on its ability 
to react with actin in a typical way, the ATPase activity remained prac- 
tically unchanged (Fig. 1). In fact, in some experiments there was a 
slight increase in activity after digestion. 

Some information about the change in the shape of the myosin molecule 
on trypsin digestion may be obtained by determining the specific viscosity 
at various protein concentrations. Assuming the myosin molecule has the 
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Fic. 1. Effect of trypsin on ATPase activity, specific viscosity, and actin-com- 
bining ability of myosin. Trypsin was added at 0 time to a myosin solution in 0.6 
m KCl, pH 8, at 25°. Samples were taken after various periods of incubation. O, 
ATPase activity expressed as percentage of activity at 0 time. Details of the assay 
are given in the text. O, specific viscosity of myosin. The mixture in the vis- 
cosimeter consisted of 0.3 mi. of the myosin-trypsin digest, 2.4 ml. of 0.6 m KCl, 0.6 
ml. of 0.6 m K-phosphate buffer, pH 7.0. The viscosity was measured at 0°. A, 
drop in specific viscosity on addition of ATP to a solution containing actin and sam- 
ples from the myosin-trypsin digest. Composition of the solution in the viscosim- 
eter: 0.3 ml. of the myosin-trypsin digest (10 mg. of myosin per ml.), 0.15 ml. of 
F-actin (4 mg. of protein per ml.), 2.4 ml. of 0.6 m KCI, 0.6 ml. of 0.6 m K-phosphate 
buffer, pH 7.0. The viscosity was measured before and after addition of 0.1 ml. of 
0.01 m ATP-Na salt at 0°. 


shape of a rotational ellipsoid, the axial ratio can be calculated (14). In 
Fig. 2, the specific viscosity both of native and of trypsin-treated myosin 
is plotted against the volume fraction of the protein. The apparent axial 
ratio decreases from 25 to 10, indicating a rather profound change in molec- 
ular structure, even under the conditions that leave the enzymatic activity 
towards ATP unchanged. 

Purification of the ATPase from trypsin-treated myosin preparations 
has been attempted. While various methods, including ammonium sul- 
fate, acetone, and alcohol fractionation and adsorption on aluminum Cy 
gel, have failed, it was found that a pH precipitation step involving the 
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removal of an inactive fraction yielded a preparation of 2- to 3-fold in- 
creased activity. Myosin was incubated with trypsin for 45 minutes; 
after 10-fold dilution the pH was adjusted to 6.3 to 6.5 (ionic strength 
0.06) and the resulting precipitate centrifuged at 10,000 K g. The super- 
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Fic. 2. Effect of protein concentration on the specific viscosity of native and 
trypsin-treated myosin. 0°, 0.01 m phosphate buffer, pH 7, 0.6 m KCl. The volume 
fraction was calculated, assuming a partial specific volume of 0.75 for myosin. p= 
axial ratio. 

Fic.3. Effect of Cat+* and Mg** ions on ATPase obtained after trypsin treatment 
of myosin, pH 9.2; 0.1 m glycine buffer. Initial ATP concentration 0.001 Mm, protein 
concentration 5 y per ml., total volume 2 ml. In theexperiments with Mg**, Ca** = 
5 X 107-3 M. 


TABLE [ 
Purification of Myosin-AT Pase 
Op | Protein Total units 
mg. 
“ 6.5 supernatant......... 15,000 3.5 52,500 


For details see the text. The figures in the second and third columns refer to 
1 ml. of the original myosin solution. 


natant, which showed increased specific activity, contained 50 to 80 per 
cent of the original total activity. The precipitate was redissolved in 
0.1 m glycine buffer, pH 9.2, and the pH of the supernatant was adjusted 
to the same value. Table I illustrates this procedure. 

Effect of Ions—The purified enzyme obtained after trypsin digestion 
showed activation by Ca** and inhibition by Mg** ions (Fig. 3). The 
pH dependence is shown in Fig. 4. 
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Splitting of IT P—It has been shown that myosin also catalyzes the hy- 
drolysis of ITP (13). We have investigated the splitting of ITP by the 
trypsin-treated purified preparation. Fig. 5 shows the effect of substrate 
concentration on the initial rates of hydrolysis, together with data on ATP. 
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Fic. 4. Effect of pH on ATPase obtained after trypsin treatment of myosin; 
0.1 m glycine buffer. Initial ATP concentration 0.001 m, Ca** 0.005 m, KCl 0.1 m, 
protein concentration 10 y per ml., total volume 2 ml. 
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MOLES PER LITER 
Fic. 5. Effect of ATP and ITP concentration on the initial rate of inorganic 
phosphate liberation. pH 9.2, 0.1 m glycine buffer, 0.005 m Ca**, 0.1 m KCl, protein 
concentration 5 y per ml., total volume 2 ml. 


With ATP the half saturation concentration could not be obtained, since 
it seemed to be at. such a low level that the measured rates could not prop- 
erly be considered as initial rates. Its value must certainly be less than 
10“ m per liter. For ITP the corresponding value is about 3.5 x 10~. 
Inspection of Fig. 5 shows that, while the Ky (Michaelis-Menten constant) 
value for ATP is smaller than that for ITP, the rate of the enzymatic 
reaction, with the enzyme saturated, is higher in the case of ITP than in 
the case of ATP. In view of this fact, a competitive inhibition by ATP 
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of phosphate liberation from ITP would be expected. A detailed analysis 
of the competition could not be carried out, since the value of Ky for ATP 
could not be determined. It can, however, be shown that the rate of 
phosphate liberation is indeed reduced in a mixture of ATP and ITP, 
compared with the rate of ITP splitting alone (Table II). That this 
effect is due to competition is supported by enzymatic analysis of the prod- 
ucts. Most of the inorganic phosphate appearing in an ATP-ITP mix. 
ture can be accounted for as ADP, showing that it is the ATP moiety that 
is predominantly attacked, although at a slower rate than ITP. 


Il 
Rate of Phosphate Liberation and ADP Formed and Calculated 


Added P liberated ADP formed — ADP calculated 
0.76 0.35 0.38 
1.20 | 
2“ ATP +4,gm ITP........ | 0.66 | 0.26 | 0.33 


— 


0.1 mM glycine buffer, pH 9.2, 0.1 m KC], 0.005 m CaCl,, total volume 2.0 ml., incuba. 
tion at 39°, time 5 minutes. The reaction was stopped by addition of 0.2 ml. of ® 
per cent perchloric acid. After neutralization with KHCO, and filtration, inorganic 
phosphate was determined in one aliquot and ADP according to Kalckar in another. 
The last column shows the amount of ADP that would correspond to the inorganic 
phosphate liberated, assuming that only ATP was split. 


DISCUSSION 


The data presented here show that, by trypsin treatment of myosin, an 
ATPase preparation can be obtained that is devoid of the characteristic 
actin-combining ability of the original material. Kielley and Meyerhol 
(15) have recently described a water-extractable ATPase in muscle that is 
activated by Mg** and inhibited by Ca** ions. The enzyme described 
in this paper behaves like native myosin in so far as it is activated by Ca** 
and inhibited by Mg** ions, and also with respect to the effect of pH on 
its activity. It has been shown (13, 16, 17) that myosin splits both ATP 
and ITP and that the affinity for ATP is greater than that for ITP (16, 
17). Furthermore, ITP is split at a higher rate than ATP. It seems that 
a similar situation exists in the case of our preparation and that there is 
indication of competition between the two substrates. 

Viscosity measurements suggest that trypsin treatment of myosin leads 
to the formation of fragments of lower dissymmetry than that of the origi- 
nal molecule. It would appear that not all of the fragments possess unl- 
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form enzymatic activity, since part of the protein can be removed, leaving 
a preparation of 2- to 3-fold increased activity.‘ 

As far as the relationship of ATPase and myosin is concerned, either of 
the following pictures is consistent with the results. It is conceivable 
that myosin, one of the contractile proteins of muscle, may form a rather 
tight complex with ATPase proper, and that this enzyme is liberated by 
trypsin. Indeed, such seems to be the case with respect to 5-adenylic 
acid deaminase (19). Or, it is possible that ATPase activity resides in 
the contractile-protein molecule, but, while splitting this molecule into 
smaller units destroys most of its properties, ATPase emerges intact. 
This second picture implies that a simpler molecular organization is suffi- 
cient for ATPase activity than is necesssary for interaction with actin, as 
manifested by the superprecipitation reaction and by the effect of ATP 
on the viscosity of an actomyosin solution. 


SUMMARY 


1. It has been shown that trypsin-treated myosin no longer reacts typ- 
ically with actin. There is no superprecipitation reaction and addition of 
ATP at ['/2 = 0.6 does not significantly decrease the viscosity. ATPase 
activity remains unchanged. 

2. Partial purification of ATPase from a trypsin digest of myosin has 
been described. 

3. The effect of H*, Mg**, and Ca** ions on such a preparation has been 
studied. The behavior of the trypsin-treated preparation with respect to 
these parameters is the same as that of native myosin. 

4. Viscosity measurements indicate a breaking up of myosin into frag- 
ments of decreased asymmetry. 

5. The effect of substrate concentration on the ATPase and ITPase 
activity of trypsin-treated myosin has been studied. It has been shown 
that these two substrates compete with each other. 

6. The relationship of myosin and ATPase has been discussed. 
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by E. Mihalyi (unpublished). 
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THE EFFECT OF DIET ON CITRULLINE SYNTHESIS 
IN VITRO* 


By 8. B. KORITZ ano PHILIP P. COHEN 
(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 
Wisconsin) 
(Received for publication, July 28, 1952) 


Tung and Cohen (1) found that the livers of animals fed Diet 3 of Miller 
et al. (2) showed a decrease in citrulline synthesis in the presence of glu- 
tamic acid or carbamylglutamic acid, compared to the livers of animals fed 
commercial dog pellets (Purina dog chow). These authors postulated the 
existence of some unknown factor in the commercial diet which acted per- 
haps as a coenzyme for the conversion of glutamic acid to the carbamyl 
derivative. The following study was undertaken in an attempt to clarify 
this point. 

EXPERIMENTAL 


Weanling rats, weighing between 45 and 55 gm., were divided into groups 
containing the number of animals indicated in Tables I and II. After 24 
to 48 hours on a diet of pellets, the various groups were placed ad libitum 
on the diets indicated in Table III for the length of time noted in Tables 
land II. 

The rice bran concentrate (Vitab) diets were based on that of Miller 
eal. (2). According to the analysis accompanying the preparation of rice 
bran concentrate used, this material was deficient in riboflavin, choline 
chloride, and folic acid. Levels of these substances, plus cystine, were 
compounded into vitamin Mixture II so that the diet of Group V of Ex- 
periment 1 was equivalent to the diet of Group IV of the same experiment 
in all respects but the casein content. The diets of Experiment 2 and of 
Group IV of Experiment 1 were based on that of Henderson et al. (4). 
Vitamin Mixture I is that of Henderson et al. (4), and vitamin Mixture IIT 
is that of Hankes et al. (5). Vitamin Mixture IV is the same as vitamin 
Mixture III, except that a-tocopherol and 2-methyl-1 ,4-naphthoquinone 
are omitted. Commercial vitamin-free casein was used both in the diets 
and for preparation of casein hydrolysate. The casein hydrolysate was 
prepared according to Henderson et al. (4) with the modification that 
Ca(OH). was used in place of Ba(OH), for neutralization to facilitate 


* Supported in part by a grant from the Wisconsin Alumni Research Foundation 
and the Rockefeller Foundation. 
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filtration. The animals of Groups II, III, and V1 of Experiment | showed 
signs of a riboflavin deficiency by the 20th experimental day. Starting at 
this time, these diets were supplemented with | mg. of riboflavin per kilo 
of ration. This is a suboptimal level but was sufficient to prevent any 
deaths. 

The animals were sacrificed on the experimental days indicated in Tables 
I and II and their livers assayed for urea synthesis (Experiment 1) accord- 


TaBLe 
Effect of Various Diets on Citrulline and Urea Synthesis; Experiment | 
The values are given in micromole per mg. of N. 


Citrulline 
Ne. dé | Das | 


| 
Diet No. | animate | iet Urea 


| CLG system Glutamate system P 
I 8 7 2.07 + 0.10 1.48 + 0.12 +40 0.89 + 0.02 
II Ss 42 0.98 + U.01 0.32 + 0.07 + 206 0.80 + 0.04 
lil 7 48 1.96 + 0.14 1.51 + 0.23 +30 0.86 + 0.02 
IV 7 61 1.39 + 0.06 0.78 + 0.07 +78 0.78 + 0.02 
V 7 56 1.294 0.11 0.42 + 0.09 +207 0.77 + 0.8 
Vi Ta. 52 1.18 + 0.10 0.62 + 0.10 +90 0.86 + 0.06 


The values are expressed as the mean and the standard deviation of the mean. 
The per cent change is the percentage increase of citrulline synthesis with carbamy|- 
L-glutamate as a substrate compared to that with L-glutamate as a substrate. Ip 
all cases the p (probability) value is less than 0.01. A p value of less than 0.05 is 
regarded as significant. Incubation times: citrulline synthesis 10 minutes, urea 
synthesis 15 minutes, all at 38° in air. Substrate concentrations: urea synthesis, 
5 um of ATP, 60 um of phosphate buffer at pH 7.45, 21 um of MgSO,, 45 um of Ky glu- 
tamate, 30 um of pL- citrulline, and KCI to bring the medium to isotonicity. Citrul- 
line synthesis, 6 um of ATP, 60 um of phosphate buffer at pH 6.95, 24 um of MgSO, 
20 um of NaHCO;, 30 um of Ky fumarate, 20 um of pL-ornithine, 15 um of NH,CI, W 
uM of K, glutamate or K, carbamyl-L-glutamate, and KC! to bring the medium to 
isotonicity. The total volume was 4.0 ml. in all cases. 


ing to Cohen and Hayano (6), and for citrulline synthesis (Experiments | 
and 2) in the presence of glutamic acid or carbamyl-L-glutamic acid accord- 
ing to Cohen and Grisolia (7). The incubation times used were selected on 
the basis of previous experiments which showed that these syntheses would 
still be on the linear part of the time-synthesis curve for the range of 
protein concentrations encountered. 

Nitrogen values of the enzyme preparations used were determined by 4 
standard semimicro-Kjeldahl procedure. 


1 Personal communication from Dr. J. N. Williams, Jr., Department of Biochem- 
istry, University of Wisconsin. 
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Taste Il 


Effect of Various Diets on Citrulline Synthesis; Experiment 2 


The values are expressed in micromole per mg. of N. Each group consisted of 
eight animals. The experimental conditions were the same as those given in the 


foot-note for Table I. 


Synthesis 
Diet No Days on diet Citrulline Per cent change 
CLG system Glutamate system 
I 36 2.20 + 0.08 1.88 + 0.13 +17 
Il 36 «OO + 0.13 0.79 + 0.01 +90 
| 35 090+ 0.06 0.20 + 0.03 +350 
IV 35 0.74+0.06 0.144 0.01 +428 
V 35 | O.77 + 0.05 0.20 + 0.03 +285 
VI 33 | 1.900 + 0.23 1.20 + 0.33 +58 
VII | 33 2.33 + 0.16 1.89 + 0.24 +23 
Taste IIl 
Composition of Various Diets 
| Casein Glucose? [Sucrose concen. | | CLG 
| trate | No.t 
per cent per cent per cent, per cent per cent ‘per cent per cent 
24 65 | | | 
iV 20 71 
12 7 | 2 | II, | 
VI 12 77 2 | IV | 0.19 | 
2 It | | | 
II 24 67 I, Ill | 
Ill 12 79 
IV 12 79 eas | 0.147 
Vv 12 79 | 60.19 
VI 54.4 35.6 | 
VII 54.4 eae 35.6 0.19 


* Glucose monohydrate (Cerelose). 


—=_—-_ 


t Vitamin Mixtures I and II were compounded in the diets at the levels of 0.313 
and 0.29 per cent respectively. Vitamin Mixtures III and IV were administered 
orally at the level of 3 drops per rat per week. 

t Group I was fed Purina dog chow pellets. All the diets included 4 per cent salt 
Mixture IV (3) and 5 per cent corn oil (Mazola). Diets of Groups VI and VII con- 
tained 1 per cent pi-tryptophan. 35.6 per cent of the casein hydrolysate was iso- 
nitrogenous with 24 per cent casein. 
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The statistical analysis was performed according to the ¢ method of de- 
termining significance (8). 


Results 


The results obtained are presented in Tables I and II. Considering the 
values in Table I for citrulline synthesis, it is seen that the effectiveness of 
carbamyl-L-glutamic acid (CLG) relative to that of glutamic acid in sup- 
porting citrulline synthesis in vitro is directly related to the protein content 
of the diets in question and that other dietary factors do not appear to be 
involved. 

Of considerable interest are the results obtained from the animals of 
Group VI. The diet of this group is identical with that of Group II, with 
the exception that it contains 1.9 gm. of CLG per kilo of ration. This 
amount of CLG corresponds, on a nitrogen basis, to the addition of less 
than 0.2 per cent protein, an increase which can hardly be of any conse- 
quence. Yet the effectiveness of CLG compared to glutamic acid in sup- 
porting citrulline synthesis is 90 per cent in this case, compared to 206 per 
cent for the animals of Groups II and V. These results appear to indicate 
that CLG is acting as an intact molecule in affecting the systems under 
consideration. 

The results of Experiment 2 presented in Table II are in accord with 
those of Experiment 1 with respect to the effect of a 12 per cent casein diet 
on citrulline synthesis (Groups I to III). The effect of dietary CLG 
(Group V) is not apparent in this experiment as it was in the preceding 
experiment. This lack of effect may be due to the relatively short time 
the animals were kept on the experimental diets. It is also seen that 
supplementing a 12 per cent casein diet with an amount of L-glutamic acid | 
equimolar with the CLG fed (Group IV) is without effect in decreasing the 
effectiveness of CLG relative to glutamic acid in citrulline synthesis. How- 
ever, this result is also subject to the consideration noted for Group V. 

There have been various suggestions that carbamyl compounds exist as 
an integral part of the protein molecule (9-13). The results obtained 
could be explained on the basis that the rat can synthesize little or no 
CLG, and adequate levels of this substance are maintained only from 
dietary protein. To test this possibility, Groups VI and VII of Expen- 
ment 2 (Table II) were investigated. It is known that carbamy] amino 
acids are decomposed by prolonged treatment with hot acid or base to give 
COs, NH3, and an amino acid. It was thus expected that an acid hy- 
drolysate of casein would contain no carbamyl amino acids and the addi- 
tion of CLG should, as a consequence, be highly effective in citrulline 
synthesis in the livers of animals fed such a diet. The results obtained 
with Groups VI and VII indicate that this is not the case. After comple- 
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tion of these experiments, an investigation of the fate of carbamyl amino 
acids in acid hydrolysates of casein was undertaken. While these experi- 
ments are still in progress, the results to date indicate that carbamyl amino 
acids are not completely destroyed during acid hydrolysis. Thus, the 
explanation for the negative findings in the case of Groups VI and VII, 
Experiment 2, would appear to be due to the fact that the casein hydroly- 
sates were not free of carbamyl amino acids. It should be noted that 
dietary CLG in this case has the same effect on citrulline synthesis as was 
previously observed in Experiment 1 (Group VI). 

In contrast to the experiments on citrulline synthesis it is apparent that 
urea synthesis from citrulline is not affected by 12 per cent casein diets 
(Table I). 


DISCUSSION 


The dependence of various enzyme systems on the level of dietary pro- 
tein has received considerable attention in recent years (14-18). The 
present results indicate that the enzyme systems involved in citrulline 
synthesis respond to a 12 per cent casein diet to different degrees, while the 
enzymatic synthesis of urea from citrulline in the presence of glutamate is 
not affected at all. It has been reported that arginase activity is sensitive 
to the level of protein in the diet (16, 19). However, in view of the known 
high concentration of arginase in rat liver, it is not likely to be decreased 
by a 12 per cent casein diet to a concentration which becomes rate-limiting 
for urea synthesis. 

The three or more enzyme systems directly involved in the synthesis of 
p-aminohippuric acid and citrulline are all located in the mitochondria 
(20,21). The data here presented, in conjunction with those of Tung and 
Cohen (1), indicate that, under conditions of low protein intake, p-amino- 
hippuric acid synthesis is not affected and citrulline synthesis is affected to 
different degrees, depending on whether glutamate or CLG is present. 
These results indicate that the mitochondrial particles of the cell are not 
functionally dependent upon a complete structure, at least to the extent of 
the “disruption”? caused by a low protein diet. 

It has been postulated by Grisolia et al. (22) that the biosynthesis of 
citrulline proceeds through a series of reactions which may be summarized 
for the present purposes as follows: 


(D CO, + NH; + glutamate As? carbamylglutamate 


(1) Carbamylglutamate + CO, + NH; ae intermediate compound 


(III) Intermediate compound + ornithine — citrulline + carbamylglutamate 
The results presented indicate that the enzyme systems involved in Reac- 
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tion I are more readily impaired under conditions of low protein intake 
than those involved in Reactions II and III. The stimulation of citrulline 
synthesis, especially in the presence of glutamate, observed by feeding 
small amounts of CLG to animals on a low protein diet, is subject to at 
least two interpretations: (a) Since the enzyme systems involved in Reac- 
tion I are more readily lost than those in Reactions [I and III, insufficient 
CLG is synthesized and the feeding of CLG constitutes an effective by-pass 
of Reaction I; (b) Rosenthal et al. (18) have suggested that the differential 
preservation of enzyme systems under conditions of low protein intake may 
be a function of the degree of saturation of the system with its substrate. 
Thus, dietary CLG may serve to preserve Reaction II, so that the reduced 
amount of CLG synthesized by Reaction I can act more effectively. If 
(a) is true, it would be necessary to postulate some mechanism by which 
the dietary CLG is maintained in the protein of the liver in a form which 
is not susceptible to loss during the preparation of the washed residue used 
as the source of the enzymes in these studies. Since CLG has been shown 
to act catalytically in these reactions (23), it is conceivable that it may be 
bound to the protein in adequate amounts in a form which resists elution 
during the process of preparing the washed residue. 

Regardless of the explanation, the observed effect of dietary CLG may 
be taken as additional evidence that this substance is of physiological sig- 
nificance. 


SUMMARY 


1. A 12 per cent casein diet causes a greater decrease in citrulline syn- 
thesis in the presence of glutamate than in the presence of carbamylglu- 
tamate in the liver of rats. 

2. Urea synthesis from citrulline is not affected. 

3. Supplementation of 12 per cent casein diets with small amounts of 
carbamylglutamate results in a stimulation of citrulline synthesis. This 
stimulation is more pronounced in the presence of glutamate than in the 
presence of carbamylglutamate. 

4. Some implications of these findings are discussed. 
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ELECTROPHORETIC PROPERTIES OF OXYTOCIN 
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anp STERLING P. TAYLOR, Jr., anp VINCENT pu VIGNEAUD* 
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(Received for publication, August 7, 1952) 


Since highly potent oxytocin preparations of known composition have 
recently become available (1, 2), it has become desirable to reinvestigate 
the amphoteric properties and to establish the isoelectric point of this 
hormone. The relatively small amount of purified material available has 
precluded extensive electrophoretic studies by the classical Tiselius tech- 
nique. In view of this consideration, and because electrophoretic studies 
in free solution of low molecular weight peptides present a number of diffi- 
culties, the method of zone electrophoresis in various supporting media was 
utilized. Filter paper and potato starch saturated with buffer solution 
were employed in this study according to procedures that have been de- 
scribed previously (3, 4). The starch-supporting medium had the particu- 
lar advantage that sufficient amounts of the electrophoretic components 
could be isolated for various analyses, particularly the determination of 
oxytocic activity. 

EXPERIMENTAL 


Preparation of Oxytocin—The oxytocin preparation was a sample of hog 
oxytocin purified in the final stages by counter-current distribution. The 
potency of this material was approximately 500 units per mg. 12 mg. of 
this oxytocin preparation were used in these studies. Since no difference 
has, as yet, been found between oxytocin prepared from beef or hog 
sources (5), one would expect that beef oxytocin should exhibit the same 
electrophoretic behavior.! 


* Appreciation is expressed to the Lederle Laboratories Division, American Cy- 
anamid Company, for research grants which have aided greatly in this work. Ac- 
knowledgment is also made to Armour and Company, who generously made avail- 
able a concentrate of hog pituitary glands, and to Parke, Davis and Company for 
gifts of posterior pituitary powder. 

1 Although the present study was carried out with hog oxytocin, experiments at 
two different pH levels with a beef preparation purified by a 1000 transfer counter- 
current distribution (5) indicated that the hog and beef preparations had identical] 
mobilities. 
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A crude preparation from the same source but at an earlier stage of 
purification (before counter-current distribution) was used in the electro. 
phoretic studies for comparison. This material possessed a potency of ap- 
proximately 250 units per mg. 

Electrophoretic Analyses on Filter Paper—The experiments were carried 
out essentially as described previously (3); 0.01 ml. of a solution contain- 
ing 0.05 mg. of oxytocin was applied to Whatman No. 3 MM filter paper 
saturated with the appropriate buffer. The separation was carried out in 
a closed system to prevent evaporation. 100 to 300 volts were applied 
over a distance of 2) cm. at 5°. The oxytocin was stained on the paper 
by a modification of the method of Durrum (6) in which the dye, bromo- 
phenol blue, in ethy! alcohol saturated with mercuric chloride is employed. 
After washing with water very little color remained at the oxytocin spot 
unless the paper was made strongly alkaline prior to the staining; this was 
done by employing alkaline buffers above pH 9.5 or by passing the dry 
paper through ammonia vapor. A similar procedure has recently been 
described by Geschwind and Li (7). This staining method was consider- 
ably more sensitive for oxytocin than treatment with ninhydrin. Fig. 1 is 
a photograph of a paper strip on which the crude oxytocin mentioned 
above was subjected to electrophoresis simultaneously with the purified 
material. Two spots are visible in the crude material. An additional 
broad faintly staining band which does not show in the photograph was 
visible on the anode side of the paper. The purified preparation gave a 
round homogeneous spot over a range from pH 5 to 12 and was clearly 
amphoteric. <A very slight amount of material with more rapid negative } 
mobility was observed in the higher pH range. A faint brownish pigment _ 
in the purified material also migrated away from the main spot toward the 
anode. 

Isoelectric Point—In order to determine the isoelectric point, it was nec- 
essary to ascertain the degree of electroosmotic flow of liquid to the cath- 
ode. A dilute solution of hydrolyzed dextran was employed as a reference 
substance in each experiment (3). The dextran spot was used as the zero 
point in all measurements of the distance of migration of oxytocin. A 
human serum with distinct y-globulin and albumin peaks of known mo- 
bility was also used to calculate the electroosmotic flow. Good agreement 
was obtained with the two methods. Fig. 2 illustrates the results of a 
typical experiment. The dextran spot was visible when the dry paper was 
first placed in the dye solution and located by a pencil line shown in the 
photograph just above the oxytocin spot. At this pH the oxytocin 
showed no mobility. The upper serum pattern of Fig. 2 shows that the 
dextran zero point corresponds to that expected from the position of the 
protein spots. The isoelectric point at pH 7.7 (Fig. 3) was obtained with 
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Fig. 1. Photograph of filter paper strip with oxytocie material before (lower) 

and after (upper) purification by counter-current distribution. The specimens 
n0- |} were applied along the illustrated line. Barbital buffer, pH 8.0, T'/2 0.1, anode at 
ed. the right. 


Fic. 2. Photograph of filter paper strip with the oxytocin (lower spot) at the 
he } isoelectric pH moving to the cathode with the electroosmotic flow as measured by 
the movement of dextran (solid line) and the position of the serum components in 
. the upper pattern. Barbital, NaCl buffer, pH 7.7, 7/2 0.1. 
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ne Fic. 3. Mobility measurements of oxytocin at different pH levels with cacodylate 
and barbiturate buffers; 0.1. 
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the monovalent buffers, cacodylate and barbiturate, at 0.1 ionic strength, 
Sodium chloride was used to increase the ionic strength at lower pH levels 
for each buffer. In these experiments the mobility values were not cor- 
rected (3) but represented the actual figures obtained from the voltage 
drop per cm. The values are, therefore, somewhat low, although the iso- 
electric point is not affected. Experiments with polyvalent phosphate 
buffers indicated a slightly higher isoelectric point. 

Oxytocic Activity—Electrophoretic experiments designed specifically for 
measurement of oxytocic activity of the separated components were car- 
ried out in a starch-supporting medium (4). Analyses of water extracts 
of starch segments were carried out by a modified Folin tyrosine method 
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Fic. 4. Correlation between oxytocie activity and Folin tyrosine color of the 
electrophoretic fractions obtained with the starch-supporting medium. Barbital, 
NaCl buffer, pH 7.5, T/2 0.1. Tyrosine color is expressed as mg. of oxytocin in 
aliquots representing one-twenty fifth of each segment; activity units refer to totals 
for each segment; the arrow indicates the origin. 


(3, 8). The oxytocin gave 4 times as much color with this procedure than 
with the ninhydrin method of Moore and Stein (9). Simultaneous activ- 
ity measurements were made on the water extracts according to the 
chicken assay method of Coon (10). Fig. 4 illustrates one such experi- 
ment carried out at pH 7.5 with 1.5 mg. of oxytocin comprising approxi- 
mately 750 units. The electrophoresis was carried out under conditions 
which would cause human serum to separate into five components spread 
out over thirty-seven starch segments. The distance of migration of the 
oxytocin represents slight mobility toward the cathode superimposed on 
the electroosmotic flow. Approximately 70 per cent of the oxytocic activ- 
ity was recovered, and the activity corresponded closely to the major peak 
obtained with the Folin tyrosine reagent. The small amount of color 
obtained with the tyrosine reagent on the anode side of the major peak, 
particularly to the right of the origin, suggested the presence of small 
amounts of impurities. Because of this finding, the material in the peak 
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was hydrolyzed and the leucine and isoleucine were recovered quantita- 
tively by starch column analysis (1). The biological activity per mole of 
leucine was found to be approximately the same as that of the starting 
material. An experiment carried out at pH 8.8 (above the isoelectric 
point) also gave a close correlation between the main peak obtained with 
the Folin tyrosine reagent and the oxytocic activity. Mobility relation- 
ships obtained with the starch-supporting medium confirmed the isoelec- 
tric point obtained with filter paper and demonstrated that the dye-stained 
spot was the active material. 


DISCUSSION 


The electrophoretic studies on filter paper reported in this investigation 
have shown oxytocin to migrate as a round spot. Furthermore, the more 
critical experiments with starch as a supporting medium have demon- 
strated a single biologically active component on both the acid side and 
the alkaline side of the isoelectric point. When analyses on the starch 
segments were made with the modified Folin procedure, an elevation of 
the base-line was obtained on the anode side of the major peak. This 
may be partially explained by slight “tailing” of the oxytocin as it moved 
through the starch, an effect also seen when this material was allowed to 
siphon through the starch without an electric current. However, this 
certainly does not explain the small amount of material that migrated to 
the anode from the origin. 

The present finding of an isoelectric point at pH 7.7 for oxytocin is some- 
what lower than that previously determined in an earlier preliminary 
study (11) with a relatively crude beef preparation. The earlier experi- 
ments, however, were carried out in the presence of polyvalent buffers 
which have also indicated a higher isoelectric point in the present study. 

It is of interest to consider what functional groups in the oxytocin mole- 
cule could contribute to its electrophoretic behavior. The demonstration 
that oxytocin is an ampholyte is proof of the presence of both acidic and 
basic groups. Since there are no basic amino acids present in oxytocin (1, 
2), it is reasonable to assume that a basic group might be a free a-amino 
group. As for the acidic groups only carboxy! and phenolic groups occur 
in the component amino acids of oxytocin. With an isoelectric point at 
pH 7.7 it is likely that the phenolic hydrogen plays a réle in the ampho- 
teric character of oxytocin. This would imply an absence of free carboxy] 
groups. That the phenolic group is free in oxytocin has been indicated 
by other studies involving the reaction of oxytocin with dinitrofluoro- 
benzene (12) and diazomethane.? 


*R. A. Turner, 8S. Gordon, and V. du Vigneaud, unpublished data. 
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An important implication of the present work is its applicability to the 
study of small quantities of biologically active peptides and _ proteins. 
The direct isolation of the electrophoretic components for activity analyses 
is an important advantage of the zone electrophoresis methods. Hoy. 
ever, it should be emphasized that with these techniques the high precision 
of the optical measurements in free solution obtained with the classical 
Tiselius procedure is difficult to achieve. 


The authors wish to acknowledge the capable assistance of Miss Sachi 
Fujii and Miss Naida Das in connection with the determinations of oxy- 
tocic activity. 


SUMMARY 


High potency oxytocin preparations were studied electrophoretically by 
methods in which filter paper and starch were employed as supporting 
media. The relative homogeneity of the purified material as compared 
to cruder extracts was readily observed on filter paper. Oxytocin was 
shown to be an ampholyte with an isoelectric point at pH 7.7. Biological 
assay of the fractions separated in the starch-supporting medium both 
above and below the isoelectric point indicated a close correlation between 
chemical and oxytocic activity determinations. 
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THE CATALYTIC EFFECT OF MOLYBDATE ON THE 
HYDROLYSIS OF ORGANIC PHOSPHATES* 


By LEO LUTWAK anv JACOB SACKS 


(From the Departments of Medicine and Biology, Brookhaven National Laboratory, 
Upton, New York) 


(Received for publication, August 12, 1952) 


The increased rate of hydrolysis of organic phosphate compounds in the 
presence of molybdate has been observed frequently and is the basis for 
the estimation of phosphocreatine (1) and acetyl phosphate (2) in tissue 
extracts. A study was undertaken to determine whether this was a gen- 
eral effect and, if so, to elucidate the mechanism. While these experi- 
ments were in progress, Weil-Malherbe and Green (3) reported a study of 
the catalytic effect of molybdate on the hydrolysis of a series of phosphate 
compounds. Their findings were that (a) the effect increases with in- 
creasing molybdate concentration; (b) the effect increases exponentially 
with increasing temperature; (c) there is a distinct pH optimum for the 
catalytic activity for each compound; and (d) the hydrolysis shows the 
kinetics of a first order reaction both in the presence and in the absence 
of molybdate. 

We have studied a similar series of compounds, varying widely in their 
lability to hydrolysis by acid. Molybdate was found to catalyze the hy- 
drolysis of all the substances investigated, both alone and in the presence 
ofacid. The catalysis has been shown to be accompanied by the formation 
of a molybdate-organic phosphate complex. This complex has the same 
blue color as does reduced phosphomolybdate. Furthermore, it reacts 
with the bisulfite-aminonaphtholsulfonic acid reagent in a manner similar 
to phosphomolybdate to give additional amounts of the blue color. The 
analytical methods used by Weil-Malherbe and Green therefore do not 
make possible a distinction between the complex and its hydrolysis pro- 
ducts. The calculated kinetics reported by these workers consequently 
may lack significance. 


Methods 


Preparations—The compounds used were all of the highest purity avail- 
able commercially. The following substances were investigated: adeno- 
sine-5-phosphate (A-5-P), guanosine-3-phosphate (Gu-3-P), fructose-6- 
phosphate (F-6-P), hexose-1 ,6-diphosphate (HDP), 3-phosphoglyceric acid 


* This research was carried out under the auspices of the United States Atomic 
Energy Commission. 
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(3-PGA), phenyl phosphate (PP), and p-nitrophenyl phosphate (NPP). 
Inorganic phosphate and total phosphate were determined on all mate- 
rials used. 

Measurement of Molybdate Effect—The reaction solutions contained from 
15 to 75 weq. of the organic phosphate compound in a volume of 100 ml, 
Sulfuric acid was added to make the solution 1 N with acid and ammonium 
molybdate was employed to give a final concentration of 1 per cent. One 
flask was set up containing sulfuric acid as the catalyst, one with molyb- 
date, and a third with both molybdate and sulfuric acid. The flasks were 
covered with glass marbles and heated in a boiling water bath for 4 hours. 
At regular time intervals, aliquots were removed from all the flasks for 
analysis. 20 ml. aliquots were taken from the reaction vessels and immedi- 
ately made alkaline to phenolphthalein by the addition of ammonium 
hydroxide. To the alkaline solutions were added 15 ml. of magnesia mix- 
ture to precipitate the inorganic phosphate. These precipitates were al- 
lowed to stand for 48 hours in the cold, filtered, washed, and dissolved in 
sulfuric acid for phosphate estimation by the Fiske-Subbarow procedure 
(4). At the same time, 1 ml. samples were removed from the reaction 
vessels for the direct estimation of phosphate by the Fiske-Subbarow 
technique. 


Results 


When the inorganic phosphate was determined directly in aliquots of 
the reaction mixtures, the amount of color obtained was frequently greater 
than that theoretically possible if all of the organic phosphate had been 
hydrolyzed. In many instances, a blue-green color developed in the reac- 
tion mixtures containing molybdate before the bisulfite-aminonaphthol- 
sulfonic acid reagent was added. When the true inorganic phosphate 
formed was determined by isolation as the magnesia mixture precipitate, 
good agreement was obtained between the values found by the two pro- 
cedures in the samples containing acid as the sole catalyst. The amount 
of phosphate isolated by magnesia mixture precipitation from the molyb- 
date-catalyzed reactions was considerably less than that indicated by the 
color developed when the reagents were added directly to the aliquot of 
the reaction mixture. Table I lists the results found after 120 minutes of 
reaction as typical of observations made over the entire 4 hour period. 
These indicate that a chromogenic substance has been formed on heating 
the organic phosphate compound in the presence of molybdate. In many 
instances, this accounts for a large proportion of the ‘catalysis’? observed 
with molybdate. In all cases, however, the amount of true inorganic 
phosphate formed in the presence of molybdate and acid is greater than 
that formed in the presence of acid alone. 
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The effect of molybdate was studied at pH 0. The hydrolysis of HDP, 
F-6-P, and PP was also studied at a pH of about 5.5. The amount of 
molybdate-organic phosphate intermediate formed at the higher pH (as 
estimated from the direct phosphate determinations on aliquots) was less 
than that at the lower pH in the cases of HDP and F-6-P. With PP, 
twice as much was formed at the more alkaline pH. The true catalysis 
was about the same for HDP and F-6-P at both pH values; it was greater 
for PP at the more alkaline pH. 

The absorption spectra of solutions of organic phosphate heated with 
molybdate, both in the presence and in the absence of acid, were indis- 
tinguishable from that of the reduced phosphomolybdate formed by the 
addition of aminonaphtholsulfonie acid reagent to a solution of inorganic 


TABLE 
Per Cent of Theoretical Total Inorganic Phosphate Released in 120 Minutes at 100° 


Total absorption at 660 mu | Phosphate isolation 
M 
| Molybdate Acid | + Molybdate | Acid | + 
A-5-P 10.9 | 110.1 G3: i 
Gu-3-P 85.0 | 86.9 87.7 91.6 
HDP 73.4 67.8 147.0 71.2 62.6 69.8 
F-6-P 55.3 31.9 406.5 62.7 41.8 66.6 
3-PGA 13.3 21.1 1.3 6.6 
PP 71.4 32.0 54.6 63.0 1.3 28.4 
NPP 104.1 97 .0 75.7 5 


phosphate in acid molybdate. The blue color of the complex could be 
extracted into isobutanol, as could the reduced phosphomolybdate. Iden- 
tical spectra were obtained when the organic moiety was a purine (A-3-P, 
Gu-3-P), a sugar (HDP, F-6-P, 3-PGA), or an aromatic nucleus (PP, 
NPP). The molecular extinctions of the solutions of the organic phos- 
phate-molybdate complexes must be greater than that of reduced phos- 
phomolybdate, since greater than theoretical absorption (based on the 
phosphate content of the solutions) was found in all instances if the solu- 
tions were heated long enough. 


DISCUSSION 


The catalysis of the hydrolysis of organic phosphate compounds by 
molybdate probably occurs through the following two-step reaction. 


(1) R—P + M= R-—-P—M 
(2) R—P—M = R + P—M 
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The rates of both reactions are influenced by the pH of the solution, 
each compound probably possessing a different optimum pH for the rege. 
tion. 

Under certain conditions, the over-all reaction, R—P — R + P, may 
follow the kinetics of a first order reaction, as shown in Fig. 1 for the data 
obtained with solutions of F-6-P. However, any calculation based on the 
measurement of the true inorganic phosphate liberated does not indicate 
the rates of the individual reactions. The determination of the kinetics 
of Reaction 1 requires the preliminary isolation and the determination of 
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Fig. 1. The catalyzed hydrolysis of fructose-6-phosphate. Log C»/C against 
time. Based on phosphate values determined by isolation with magnesia mixture. 
O, molybdate + acid catalysts; @, molybdate catalyst; X, acid catalyst. 


the specific absorption of the intermediate, R—-P—-M. Attempts at this 
have thus far proved unsuccessful. 

Reference to Table I shows that in many instances the reaction between 
the organic phosphate and molybdate is of a rapidity comparable to that 
of the reaction between inorganic phosphate and molybdate. For instance, 
when the hydrolysis of phenyl phosphate in the presence of acid alone 
was measured, 32 per cent was found by direct measurement of the color 
formed after the addition of molybdate and aminonaphtholsulfonic acid 
reagent to the reaction mixture and only 7.3 per cent when the phosphate 
was isolated. In the first method of determination, the unhydrolyzed 
organic phosphate compound is in contact with the molybdate long enough 
to form the intermediate complex. 

In the light of these considerations, the first order kinetics calculated 
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by Weil-Malherbe and Green appear to be fortuitous. The analytical 
implications suggested by these workers, however, are still valid and de- 
serve reemphasis. 


SUMMARY 


1. The catalysis of the hydrolysis of organic phosphates by molybdate 
has been shown to be accompanied by the formation of molybdate-organic 
phosphate complexes. 

2. The absorption spectra of these complexes are indistinguishable from 
that of reduced phosphomolybdate. 

3. Calculations of the kinetics based on the color formed by the addi- 
tion of the Fiske-Subbarow reagents for inorganic phosphate lack signifi- 
cance because part of the color is due to the molybdate-organic phosphate 
complex. 
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PREPARATION AND ENZYMATIC REACTIONS OF THE KETO 
ANALOGUES OF ASPARAGINE AND GLUTAMINE* 


By ALTON MEISTER 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, August 14, 1952) 


In the course of investigations of the mechanism of the enzymatic trans- 
amination-deamidation reactions of glutamine and asparagine with a-keto 
acids (1, 2) and as part of a program of investigation on the preparation 
and metabolism of a-keto acids (3-5), two new a-keto acids, a-ketosuc- 
cinamic acid (the a-keto analogue of asparagine) and a-ketoglutaramic 
acid (the a-keto analogue of glutamine), have been prepared. These com- 
pounds were obtained, following a procedure previously described (3), by 
enzymatic oxidative deamination of the corresponding L-amino acids. The 
products of oxidation of asparagine and glutamine were found to be enzy- 
matically hydrolyzed by liver preparations to ammonia and the correspond- 
ing a-keto dicarboxylic acids. Active a-keto acid-w-amidase preparations 
were also obtained from a wide variety of rat tissues and from several 
other sources. It was found that the oxidation products of asparagine 
and glutamine could each exist in two interconvertible forms, only one of 
which possesses a free a-keto group. The present report describes (a) the 
preparation and certain chemical and physical properties of the products 
of oxidative deamination of glutamine, asparagine, and glutamic acid-y- 
methylamide, (b) the enzymatic deamidation of the a-keto acid-w-amides, 
and (c) studies on the relationship between the a-keto acid-w-amidase 
activities and certain other previously described w-amidase systems. 


EXPERIMENTAL 


Enzymatic Oxidative Deamination of Asparagine, Glutamine, and Glu- 
lamic Acid-y-Methylamide—-When asparagine, glutamine, and glutamic 
acid-y-methylamide were oxidized by snake venom in the presence of 
catalase, the reaction was observed to go almost to completion (93 to 99 
per cent) with the consumption of 0.5 mole of oxygen and the evolution of 
| mole of ammonia. In the absence of catalase, 1 mole of oxygen was 
used and 1 mole each of ammonia and carbon dioxide were liberated, indi- 
cating that oxidative decarboxylation of the a-keto acid had occurred (see 


* This report includes the data presented at the 12st and 122nd meetings of 
the American Chemical Society at Milwaukee, Wisconsin, 1952, and at Atlantic 
City, New Jersey, 1952, respectively. 
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Zeller (6)). The products of the oxidation of asparagine and glutamine 
in the presence of catalase were obtained in crystalline form, gave theoreti. 
cal elemental analyses, and yielded stoichiometric quantities of ammonia 
and keto acid when hydrolyzed by a purified rat liver enzyme preparation, 
Similarly, the product of enzymatic oxidation of glutamic acid-y-methy)- 
amide was isolated as the barium salt, which gave theoretical analytical 
data, and after acid hydrolysis at 100° yielded methylamine and a-keto- 
glutaric acid. All three products were quantitatively decarboxylated by 
ceric sulfate-sulfuric acid mixtures (3). 

The method of preparation, the elementary analyses, and the behavior 
on acid-catalyzed and enzymatic hydrolysis suggested that the products 
were the a-keto analogues of asparagine, glutamine, and glutamic acid-y- 
methylamide. However, it was found that the form in which the com- 
pounds were first prepared did not possess a reactive a-keto group, as 
judged by ability to form a hydrazone and susceptibility to oxidative 
decarboxylation by hydrogen peroxide. Conversion of this form to a form 
capable of combining with 2,4-dinitrophenylhydrazine and susceptible to 
the action of hydrogen peroxide was accomplished in two cases (a-ketosue- 
cinamic and a-ketoglutaramic acids). The exact structures of the forms 
which do not possess a reactive a-keto group have not been established, 
and in the present communication such forms will be designated A. The 
forms of a-ketosuccinamic and a-ketoglutaramic acids which possess a 
reactive a-keto group, and which therefore represent the true a-keto ana- 
logues of asparagine and glutamine, respectively, will be referred to in this 
report as form B. It is probable that the A forms represent structural 
modifications of the free a-keto acids, perhaps possessing a cyclic or pol- 
ymeric configuration. Investigations of this problem are in progress. 

a-Ketosuccinamic Acid—4 gm. of L-asparagine monohydrate were oxi- 
datively deaminated with 1.5 gm. of dialyzed rattlesnake (Crotalus ada- 
manteus) venom! in the presence of catalase (3). After removal of the 
enzymes, the solution containing the oxidation product was forced through 
a thoroughly washed strong cation exchange resin column® in the sodium 
form (Dowex 50, 250 to 500 mesh). The slightly yellow effluent, which 


1 Samples of moccasin (Agkistrodon piscivorus piscivorus) and copperhead (Aghis- 
trodon contortriz) venoms were approximately 70 per cent as active as rattlesnake 
venom. Two samples of cobra (Naja naja) venom exhibited very slight oxidative 
activity toward L-glutamine and L-asparagine. It has been found possible to re 
cover the venom preparation after oxidation. The recovered venom exhibits about 
80 per cent of the original activity after dialysis and lyophilization. 

? The column was 2.5 cm. in diameter and 15 cm. in height; the flow rate was 3 te 
4 cc. per minute. A column of the same dimensions was used previously in the 
preparation of other a-keto acids. The height of the column was incorrectly stated 
to be 150 cm. in the earlier report (3). 
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contained no ammonia or amino acid, was decolorized with Norit and 
evaporated to about 10 cc. Several volumes of acetone were added and 
the mixture was kept at —10° for 3 days. The crystalline product was 
recrystallized from water-acetone. The yield was 3.4 gm. The product 
contained 8.3 per cent nitrogen and 13.2 per cent sodium (calculated for 
(,H,O,N Na- H,O, N 8.2 per cent, Na 13.5 per cent), and, on drying at 78° 
in vacuo, lost 10.4 per cent of its weight and gave the following analyses: 


Sodium a-ketosuccinamate (A), 
Calculated. C 31.4, H 2.6, N 9.2, Na 15.0 


The free acid was obtained by passing a solution of the sodium salt through 
a thoroughly washed cation exchange column (Dowex 50) in the acid form. 
The effluent was evaporated to dryness in vacuo, yielding a white crystalline 
compound which melted with decomposition at 140°, and gave the follow- 
ing analyses: 

CHOWN. Caleulated, C 36.6, H 3.8, N 10.7; found, C 36.4, H 4.0, N 10.7 


a-Ketosuccinamic acid (A) and its sodium salt exhibited the following 
properties: (a) It was quantitatively decarboxylated by ceric sulfate (3) 
without deamidation. (6) The pK value of the acid group was found to 
be 2.6. (ec) No immediate precipitate formed on addition of 1 per cent 
2,4-dinitrophenylhydrazine in 2 N hydrochloric acid. A very small pre- 
cipitate gradually formed on standing for several days. (d) On acid hy- 
drolysis (N hydrochloric acid, 100°) 37 per cent of the theoretical ammonia 
was liberated in | hour and no further evolution of ammonia occurred 
when the procedure was continued for 4 hours. Addition of 2 ,4-dinitro- 
phenylhydrazine to the hydrolysate did not lead to the formation of an 
insoluble hydrazone. (e¢) It was reduced by lactic dehydrogenase at pH 
7.2 at 10 per cent of the rate observed with pyruvate, and the reaction 
ceased when about 10 per cent of the theoretical amount of reduced di- 
phosphopyridine nucleotide was oxidized. (f) It was not decarboxylated 
by m hydrogen peroxide at pH 4.9, under conditions whereby a number of 
other a-keto acids were rapidly and quantitatively oxidized.‘ 


* The microanalyses were performed by Mr. Robert J. Koegel and his staff. 

‘The following a-keto acids were destroyed in less than 2 minutes under these 
conditions: pyruvic, a-ketoglutaric, a-ketoglutaric-y-ethyl ester, a-keto-y-ethiolbu- 
tyrie, a-keto-y-methiolbutyric, 8-thiopyruvie, phenylpyruvic, p-hydroxyphenylpy- 
ruvic, a-keto-e-hydroxyeaproic, cyclohexylpyruvic, a-ketoisocaproic, a-ketoisoval- 
eric, d-a-keto-8-methylvaleric, a-ketophenylacetic, and trimethylpyruvie. With 
dilute hydrogen peroxide (0.01 m) the rates of decarboxylation were considerably 
slower. At pH 4.9 in 0.1 m sodium acetate buffer at 37°, 160, 150, 121, 115, 114, 90, 
%), 82, 80, 68, 63, 36, 29, 15, and 8 yl. of carbon dioxide were released from 0.01 m 
solutions of the respective keto acids in 10 minutes. 
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Conversion of a-ketosuccinamic acid (A) to a-ketosuccinamic acid (B) 
was accomplished by dissolving the A form in 0.05 Nn sodium hydroxide 
and allowing the solution to stand at room temperature for several! minutes 
Subsequent adjustment of the solution to pH values between 1 and 11 did 
not result in reversion to the A form in 24 hours at 37°. The properties 
of the B form were as follows: (a) The findings were identical with those 
of (a) and (b) of the A form given above. (6) A 2,4-dinitrophenylhydr. 
zone precipitated in crystalline form within 10 minutes after addition of 
the reagent. After recrystallization from alcohol and from water, the 
product melted at 173°. (Calculated, N 22.5 per cent; found, N 22.4 per 
cent.) When refluxed with 2 n hydrochloric acid for 2 hours, 1 mole o 
ammonia was released and paper chromatographic studies® indicated the 
formation of the hydrazone of pyruvic acid. (c) The compound was quan- 
titatively deamidated in n hydrochloric acid at 100° (Fig. 1). The 2,4 
dinitrophenylhydrazone of pyruvic acid was obtained after acid hydrolysis 
in 70 per cent yield (m.p. 216°; mixed m.p. 216°; calculated, N 20.9 per 
cent; found, N 20.8 per cent). (d) It was rapidly reduced by the lactic 
dehydrogenase system (rate = 8930), and the reaction proceeded to com- 
pletion with the oxidation of a stoichiometric quantity of reduced diphos- 
phopyridine nucleotide. (e) The compound was rapidly and quantite- 
tively decarboxylated by hydrogen peroxide. 

A quantitative study of the conversion of form A to form B was carried 
out at several values of pH, with the formation of alkali-soluble hydrazone 
(7) as the criterion for conversion. In several cases oxidative decarboxyla- 
tion with hydrogen peroxide was also studied; the conversion rates by both 
methods were in agreement. As indicated in Fig. 2, conversion to form B 
occurred very rapidly in strongly alkaline solution, and the rate decreased 
with increase of hydrogen ion concentration. 

The initial product of the oxidative deamination of asparagine by l 
amino acid oxidase is probably a-ketosuccinamic acid (B), since oxidation 
in the absence of catalase leads to the utilization of 1 mole of oxygen and 
the formation of 1 mole of carbon dioxide. Furthermore, determinations 
of keto acid formation by the colorimetric hydrazone procedure (7) in the 
course of the oxidation of asparagine indicated that an alkali-soluble hy- 
drazone was formed early in the oxidation and that on further incubation 
this property gradually disappeared. The ability to form a hydrazone 
was restored by alkalizing the sample prior to addition of 2 ,4-dinitro 
phenylhydrazine. After oxidation was complete, the product was found 
to consist of a mixture of approximately equal amounts of forms A and B. 


6 The author is indebted to Dr. Herbert A. Sober for the chromatographic studies 
® Mole X 10°* per minute per mg. of enzyme at pH 7.2 and 26° (3). The corre 
sponding rate for pyruvate was 26,800. 
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{fter passage through the ion exchange column, the product was invariably 
in the A form. 

When an alkaline solution of form B was passed through a strong cation 
exchange resin column in the acid form, the effluent contained only form A. 
When such solutions were shaken with an excess of a weak cation exchange 
resin (Amberlite XE-64), a mixture of forms A and B containing approxi- 
mately 90 per cent of A was obtained. Form B (prepared by addition of 


8 


PERCENT HYDROLYSIS 
8 


o2 
> 


Fra. Fria. 2 

Fig. 1. Acid hydrolysis of several amides. Curve 1, L-glutamine; Curve 2, L- 
gutamie acid-y-methylamide; Curve 3, a-ketosuccinamie acid (B); Curve 4, L-iso- 
gdutamine; Curve 5, L-asparagine; Curve 6, L-isoasparagine; Curve 7, a-ketogluta- 
ramie acid (A); Curve 8,a-keto-N-methylglutaramic acid (A) (4 ~ hydrochloric acid) ; 
Curve 9, a-keto-N-methylglutaramic acid (A). The compounds were hydrolyzed in 
100 x hydrochloric acid (except as noted above) at a concentration of 0.005 mM in a 
boiling water bath. The formation of base was determined at the intervals indi- 
cated. 

Fic. 2. Conversion of a-ketosuccinamic acid (A) to a-ketosuccinamic acid (B). 
«-Ketosuccinamie acid (A) (0.001 m) was dissolved in 0.05 ~ sodium hydroxide (Curve 
1),0.1 w sodium borate buffer at pH 10.0 (Curve 2), borate buffer at pH 9.0 (Curve 
3), borate buffer at pH 8.0 (Curve 4), 0.1 mM potassium phosphate buffer at pH 7.2 
(Curve 5), phosphate buffer at pH 6.1 (Curve 6), and 0.1 mM sodium acetate buffer at 
pH 5.0 (Curve 7). The solutions were incubated at 37°, and the formation of alkali- 
soluble hydrazone was determined at the intervals indicated, as described in the 
text. The ordinate represents the optical density of the hvdrazone] solution at 600 


My. 


baryta to form A) reverted to form A to the extent of about 80 per cent 
when the barium was removed by addition of a stoichiometric quantity of 
sulfuric acid. Similar results were obtained when solutions of form B 
prepared in dilute ammonia were evaporated in vacuo to dryness. 
a-Ketoglutaramic Acid—5 gm. of t-glutamine were deaminated by oxi- 
dation with 2 gm. of the venom preparation, and the protein-free solution 
containing the oxidation product was forced through a cation exchange 
resin column in the acid form. The acid effluent was treated with Norit, 
brought to pH 4.5 with baryta, and concentrated to about 20 ce. The 
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product was precipitated as the barium salt by addition of 4 volumes of 
cold absolute ethanol. After two reprecipitations from water, the product 
was washed successively with ethanol and ether, and dried in vacuo at 26° 
over phosphorus pentoxide. The yield was 5.9 gm. 


Barium a-ketoglutaramate (A); CsH,O,NBa, 
Calculated. C 28.2, H 2.8, N 6.6, Ba 32.3 


The free acid was obtained by passage through an acid ion exchange col- 
umn as described above, and gave the following analysis: 


CsH7O.N. Calculated, C 41.4, H 4.9, N 9.7; found, C 41.2, H 4.9, N 9.8 


The acid was extremely deliquescent and became slightly yellow on expo- 
sure to air and subsequent drying in vacuo at 26° over phosphorus pent- 
oxide. 

a-Ketoglutaramic acid (A) and its barium salt yielded equimolar quan- 
tities of carbon dioxide and no ammonia, when treated with ceric sulfate. 
The pK value of the acid group was 2.6. The compound was reduced 
very slowly by lactic dehydrogenase (rate = 10.5).6 Hydrolysis with x 
hydrochloric acid or with saturated sodium hydroxide at 100° yielded 
theoretical quantities of ammonia. After acid hydrolysis, the 2 ,4-dinitro- 
phenylhydrazone of a-ketoglutaric acid was isolated in 80 per cent yield 
(m.p. 220°, mixed m.p. 220°; calculated, N 17.2 per cent; found, N 17.2 
per cent). 

Samples of free a-ketoglutaramic acid (A) or its barium salt were dis- 
solved in saturated solutions of 2 ,4-dinitrophenylhydrazine in 2 n hydro- 
chloric acid. After standing for 10 minutes at 26°, a colloidal precipitate 
formed which gradually increased in amount, became crystalline, and pre- 
cipitated in the course of 48 hours. The product, which was only very 
slightly soluble in boiling water, ethyl acetate, ether, and ethanol, was 
ground to a fine powder and washed repeatedly with warm ethy! acetate. 
It melted at 195° and contained 20.8 per cent nitrogen (calculated for the 
2 ,4-dinitrophenylhydrazone of a-ketoglutaramic acid, N 21.5 per cent). 
The low nitrogen value is compatible with the presence of a smal! amount 
of the hydrazone of a-ketoglutaric acid, which was demonstrated by paper 
chromatography. Attempts to remove the traces of a-ketoglutaric acid 
hydrazone by extraction with alcohol, ethyl acetate, and water were un- 
successful. Apparently some deamidation of a-ketoglutaramic acid occurs 
during preparation of the hydrazone. However, less than 0.5 per cent of 
a-ketoglutaric acid was found in the a-ketoglutaramic acid (A) preparation 
by colorimetric analysis. After refluxing the hydrazone obtained as de- 
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gribed above with 3 n hydrochloric acid for 2 hours, paper chromato- 
gaphic study revealed the presence of the hydrazone of a-ketoglutaric 
acid and traces of 2 ,4-dinitrophenylhydrazine. 

a-Ketoglutaramic acid (A) was not significantly decarboxylated by hy- 
drogen peroxide at pH values between 4.0 and 6.5. The assumption that 
a-ketoglutaramic acid (B) is readily susceptible to the action of hydrogen 
peroxide appears reasonable, since oxidation of glutamine in the absence of 
catalase is associated with extra oxygen consumption and carbon dioxide 
production. The effect of pH on the susceptibility to decarboxylation by 
hydrogen peroxide was determined in two ways. In one series of experi- 
ments the compound was incubated with hydrogen peroxide and buffer in 
a Warburg vessel, and, after a given period, the carbon dioxide was re- 
leased by addition of acid from a side arm and recorded manometrically. 
Similar results were obtained by a procedure which resulted from the ob- 
servation that a-ketoglutaramic acid (A) was hydrolyzed at pH 9.0 by a 
purified liver fraction to ammonia and a-ketoglutaric acid. In this series 
of experiments, a-ketoglutaramic acid (A) was incubated with hydrogen 
peroxide and buffers at various values of pH. At suitable intervals, the 
residual hydrogen peroxide was destroyed by addition of an excess of crys- 
talline beef liver catalase, and a purified rat liver fraction and buffer (to 
yield a final pH of 9.0) were added. After incubation for a period known 
to be sufficient to complete the hydrolysis, the mixtures were deproteinized 
with trichloroacetic acid and analyzed for a-ketoglutaric acid. The re- 
sults of these experiments are described in Fig. 3. The decrease in the 
a-ketoglutaric acid formed occurred rapidly in strongly alkaline solution 
and became slower as the pH was decreased. Identical data were obtained 
when a-ketoglutaramic acid (A) was incubated with alkali or buffers for 1 
hour prior to addition of hydrogen peroxide, and when the concentration 
of hydrogen peroxide was doubled. Under the conditions of these experi- 
ments, a-ketoglutaric acid, a-ketoglutaric acid-y-ethyl ester, a-ketosuccin- 
amic acid (B), and pyruvic acid were completely decarboxylated in less 
than 2 minutes. The reaction rates described in Fig. 3 appear to fit a first 
order expression. When the values of a-ketoglutaric acid, plotted on a 
logarithmic scale against time, were extrapolated to zero time, intercepts 
were obtained which may be interpreted to represent the initial concentra- 
tion of the free a-keto acid amide, form B. In this manner the concentra- 
tion of form B in 0.42 n sodium hydroxide, 0.042 n sodium hydroxide, 
0.021 x sodium hydroxide, borate buffer at pH 9, and phosphate buffer at 
pH 7.5 was estimated to be 50, 45, 24, 3 per cent, and less than 1 per cent, 
respectively. The formation of a-ketoglutaramic acid (B) in alkaline solu- 
tion was instantaneously reversed on acidification. Efforts to obtain a- 
ketoglutaramic acid (B) free of form A and in a stable state at pH 7.0 to 
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9.0 have not been successful. The evidence indicates that form <A is con- 
siderably more stable than form B. 

Oxidation of Glutamic Acid-y-M ethylamide—The enzymatic oxidation of 
L-glutamic acid-y-methylamide’ was carried out as described above, and 
the product isolated as the barium salt. 


Barium a-keto-N-methylglutaramate (A); CsHsO,N Bay 
Calculated. C 31.8, H 3.6, N 6.2, Ba 30.3 


Found. 
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Fic. 3. Conversion of a-ketoglutaramic acid (A) to a-ketoglutaramic acid (B), 
a-Ketoglutaramic acid (A) (20 uM) was incubated at 37° in 1 cc. of 0.02 m potassium 
phosphate buffer at pH 7.5 (Curve 1), 0.083 m sodium borate buffer at pH 9.0 (Curve 
2), 0.021 n sodium hydroxide (Curve 3), 0.042 n sodium hydroxide (Curve 4), and 
0.42 n sodium hydroxide (Curve 5). The solutions contained m hydrogen peroxide. 
At the intervals indicated, 0.2 cc. containing an excess of crystalline beef liver cat- 
alase was added. The solutions were adjusted to pH 9.0 by addition of 1.0 ec. of 
borate buffer (0.1 m; pH 9.0) containing the required amount of sodium hydroxide or 
hydrochloric acid, and 0.5 cc. containing 60 mg. of enzyme fraction L was added. 
After incubation at 37° for 1 hour, the solutions were deproteinized with trichloro- 
acetic acid and analyzed for a-ketoglutaric acid. The ordinate (logarithmic scale) 
represents the micromoles of a-ketoglutaric acid formed. 


The product was quantitatively decarboxylated by ceric sulfate,’ and 
yielded stoichiometric amounts of steam-volatile base when hydrolyzed 
with 4 nN hydrochloric acid at 100° for 3 hours (Fig. 1). a-Ketoglutaric 
acid was isolated as the 2,4-dinitrophenylhydrazone in 75 per cent yield 
(m.p. 220°, mixed m.p. 220°; N, caleulated, 17.2 per cent; found, 17.2 per 


7 Prepared according to Lichtenstein (8) from L-pyrrolidonecarboxylic acid. The 
latter compound was obtained as described by Bergmann and Zervas (9) from the 
y-ethyl ester of L-glutamic acid. Although L-pyrrolidonecarboxylic acid was ob- 
tained on one occasion by heating L-glutamic acid at 180—-185° (8), a number of sub- 
sequent attempts led to partly racemized products. 

8 a-Keto-N-methylglutaramic acid (A), a-ketoglutaramic acid (A), and a-ketosue- 
cinamic acids (A and B) were not decarboxylated by yeast carboxylase or Clostridium 
welchii cells at pH 4.9 (3) or by aniline-citrate (10). 
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cent) after acid hydrolysis. The pK value of the acid group was found to 
be 2.5. The compound was not reduced by lactic dehydrogenase and re- 
duced diphosphopyridine nucleotide. It gave no precipitate on addition 
of 2,4-dinitrophenylhydrazine in 2 N hydrochloric acid, nor was an insolu- 
ble hydrazone obtained after treatment of the compound with alkali. The 
compound was not decarboxylated when incubated with hydrogen perox- 
ide at values of pH between 4 and 14 at 37° for 2 hours. The lack of sus- 
ceptibility to hydrogen peroxide and its failure to form a hydrazone suggest 
that this compound is considerably more stable than a-ketoglutaramiec acid 
(A) and a-ketosuccinamic acid (A). It seems probable that a-keto-N- 
methylglutaramic acid (B) may exist as an intermediate during enzymatic 
oxidation of glutamic acid-y-methylamide, since the action of L-amino acid 
oxidase on glutamic acid-y-methylamide led to carbon dioxide formation 
in the absence of catalase. 

Acid Hydrolysis of Various Amides—The rates of hydrolysis in n hydro- 
chloric acid at 100° for the keto acid amides and related amino acid amides 
are given in Fig. 1. The findings indicate that (a) the a-amino acid amides 
are less susceptible to hydrolysis than the w-amides, that (b) the introduc- 
tion of a methyl group in the amide group of glutamine results in greater 
stability, that (c) a-ketoglutaramic acid (A) and a-keto-N-methylgluta- 
ramic acid (A) are considerably more stable than glutamine and glutamic 
acid~y-methylamide, respectively, that (d) a-keto-N-methylglutaramic acid 
(A) is hydrolyzed less rapidly than a-ketoglutaramic acid (A), and that 
(e) a-ketosuccinamic acid (B) is less stable than asparagine. No base was 
liberated from the three keto acid amide preparations in 0.1 m buffers of 
pH 4.5 to 10.5 at 37° in 3 hours. 

Ultraviolet Absorption Studies—a-Ketosuccinamic acid (A) exhibited no 
characteristic absorption bands in the ultraviolet in water or in 0.1 N 
hydrochloric acid (Fig. 4, Curve 10). Conversion to form B by treatment 
with 0.1 ~ sodium hydroxide was associated with the appearance of a high 
absorption band at 290 mu (Curve 1). Acidification resulted in a lower 
absorption with a peak at 260 mu (Curve 3). The absorption curve (Curve 
2) of oxalacetic acid is given in Fig. 4 for comparative purposes. The high 
characteristic absorption of oxalacetic acid and a-ketosuccinamic acid (B) 
inalkali may be attributed to the enolic forms of these keto acids. Similar 
absorption data have been previously observed with other compounds 
possessing the grouping (11, 12). In contrast, the ab- 
sorption curves for a-keto-N-methylglutaramic (Curve 6) and a-ketoglu- 
taramic (Curves 7 and 9) acids are considerably lower, exhibit no charac- 
teristic absorption in alkali or acid, and are generally similar to the curves 
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obtained for a-ketoglutaric acid (Curves 4 and 8) and a-ketoglutaric acid. 
y-ethyl ester (Curve 5). 

Other Compounds—The other a-keto acid and amino acid preparations 
were described in previous reports (1-3). Crystalline pyridoxal phosphate 
(13) and pyridoxamine phosphate (14) were used in the present study. 

Enzyme Preparations—Homogenates were prepared by grinding the fresh 
tissues with 3 volumes of ice-cold water in a Potter-Elvehjem homogenizer, 
A liver preparation designated fraction L was obtained as follows. Rat 
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Fic. 4. Ultraviolet absorption curves. The solid lines were obtained in 0.1 x 
sodium hydroxide, and the dash lines in 0.1 N hydrochloric acid. Curve 1, a-ketosue- 
cinamic acid (B) (0.620 K 1074 m); Curve 2, oxalacetic acid (2.00 K 1074 mM); Curve 3, 
a-ketosuccinamic acid (B) (0.620 K 10-3 m); Curve 4, a-ketoglutaric acid (6.67 x 10° 
M); Curve 5, a-ketoglutaric acid-y-ethyl ester (3.34 K 10-* m); Curve 6, a-keto-N- 
methylglutaramic acid (A) (3.34 & 107° m); Curve 7, a-ketoglutaramic acid (A) (3.34 
xX 10-* m); Curve 8, a-ketoglutaric acid (6.67 K 10° m); Curve 9, a-ketoglutaramie 
acid (A) (6.67 X 10-* m); Curve 10, a-ketosuccinamic acid (A) (6.20 K Ordi- 
nate, molar extinction coefficient. 


liver was ground with 2 volumes of ice-cold water in a Waring blendor for 
2 minutes. After centrifugation at 600 * g at 5° for 2 hours, the super- 
natant solution was dialyzed against running water at 10° for 18 hours, 
centrifuged again, and lyophilized. The purified liver fractions used pre- 
viously in studies on the transamination-deamidation reactions of gluta- 
mine (1) (fraction G) and asparagine (2) (fraction A) were also employed. 
Fraction G was further purified as follows. A 10 per cent solution of the 
lyophilized preparation was adjusted to pH 5.5 and 20 per cent ethanol, 
allowed to stand at —10° for 18 hours, and centrifuged. The pellet was 
dissolved in water, adjusted to pH 7.5, and the insoluble material removed 
by centrifugation. 
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A liver preparation (fraction K) which exhibited a 40-fold greater activ- 
ity toward a-ketoglutaramate (on the basis of tissue nitrogen) than the 
original homogenate was obtained as follows: 3 gm. of fraction L were 
dissolved in 100 cc. of water and heated at 60° for 40 minutes. The coagu- 
lated protein was removed by centrifugation and the clear supernatant 
solution was mixed with 1 gm. of calcium phosphate gel. After gentle 
shaking at 22—26° for 30 minutes, the gel was centrifuged and washed twice 
with 20 cc. of water. The gel was then shaken for 30 minutes with two 
20 cc. portions of 0.2 mM potassium phosphate buffer at pH 5.5. The gel 
was treated in the same manner successively with buffer of pH 6.0 and 
6.5. The most active fraction, designated fraction K, was obtained by 
elution at pH 6.5. ‘This solution was adjusted to pH 7.5 and stored at 0°. 
The preparation maintained its activity for 6 to 10 days. Further storage 
at this temperature or lyophilization resulted in considerable loss of activ- 
ity. Dialysis for 18 hours at 5° against water resulted in inactivation 
which was not reversed by addition of the concentrated dialysate. 

Methods—Ammonia (15), L-glutamate, L-glutamine (16), a-ketoglutarate 
(1, 7), pyruvate (1, 7), L-phenylalanine (17), and oxalacetate (10) were 
determined as in previous investigations. Methylamine was determined 
by titration with standard acid after steam distillation in the presence of 
excess 0.1 m sodium borate buffer at pH 9.0. L-Asparagine was hydro- 
lyzed to aspartic acid with an asparaginase preparation obtained from 
guinea pig liver (18), and the resulting aspartate was determined as de- 
scribed previously (16). 

Enzymatic Hydrolysis of a-Ketosuccinamic and a-Ketoglutaramic Acids— 
Preparations obtained from rat liver rapidly catalyzed the hydrolysis of 
a-ketosuccinamic acid (forms A and B) at pH 9 to ammonia and oxalace- 
tate. The hydrolysis went virtually to completion as judged by ammonia 
liberation. Oxalacetate formation was equimolar with ammonia produc- 
tion in the early part of the reaction. After 60 minutes, lower values for 
oxalacetate were obtained, presumably due to breakdown of this keto acid. 
The recovery of oxalacetate added to the enzyme preparation was about 
95 per cent after 45 minutes and 70 per cent after 2 hours of incubation. 
Identical data were obtained for both forms of a-ketosuccinamic acid at 
pH 9. Form’ B was hydrolyzed at the same rate at pH 7 and 9, while 
form A was only slowly deamidated at pH 7 (Fig. 5). Pyruvic acid was 
isolated as the 2,4-dinitrophenylhydrazone in 70 per cent yield from the 
trichloroacetic acid filtrate of a large scale experiment with a-ketosuccin- 
amic acid (B); m.p. 216°, mixed m.p. 216°. Calculated, N 20.9 per cent; 
found, N 20.8 per cent. 

a-Ketoglutaramic acid (A) was hydrolyzed at pH 9 by liver preparations 
Yielding stoichiometric quantities of ammonia and a-ketoglutaric acid (Fig. 
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5). The a-ketoglutaric acid was isolated as a product of enzymatic hy- 
drolysis in 80 per cent yield as the 2 ,4-dinitrophenylhydrazone; m.p. 220°, 
mixed m.p. 220°. Calculated, N 17.2 per cent; found, N 17.2 per cent. 
The pH dependence of the enzymatic reactions is described in Fig. 5, 
a-Ketosuccinamic acid (A) and a-ketoglutaramic acid (A) were hydrolyzed 
most rapidly between pH 8.5 and 9.5, while the hydrolysis of a-ketosuc- 
cinamic acid (B) exhibited a broad optimal range from pH 6 to 9.5. The 
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Fia. 5. A. Effect of pH on the enzymatic deamidation reactions. Curve 1, a- 
ketoglutaramie acid (A); Curve 2, a-ketosuccinamic acid (A); Curve 3, a-ketosue- 
cinamic acid (B). The reaction mixtures contained initially 30 wm of substrate, 10 
mg. of rat liver fraction L, and 1.0 cc. of 0.1 mM buffer in a final volume of 2.0 ce.; 
incubation period, 1 hour at 37°. Buffers, pH 2.0 to 3.1, glycine hydrochloride; pH 
4.0 to 4.9, acetate; pH 6.0 to 7.6, Veronal; pH 8.0 to 11.0, borate. B. Time-course of 
the enzymatic deamidation reactions. Curve 1 (O), a-ketoglutaramic acid (A) at 
pH 9.0; Curve 2 (0), a-ketosuccinamic acid (forms A and B) at pH 9.0; Curve 3 
(A), a-ketosuccinamic acid (A) at pH 7.2. The solid symbols indicate the formation 
of ammonia; the open symbols indicate the formation of keto acid. The reaction 
mixtures contained initially 10 um of substrate, 10 mg. of fraction L, and 0.5 ce. of 
0.1 m borate buffer (pH 9.0) or phosphate buffer (pH 7.2) in a final volume of 2.0 
ec.; 37°. 


relatively slow rate of hydrolysis of a-ketosuccinamic acid (A) and a-keto- , 
glutaramic acid (A) at pH 7 may be ascribed to the very low rates of con- 
version to the corresponding B forms at this pH (see Figs. 2 and 3). 
The effect of substrate concentration on the hydrolytic reactions is de- 
scribed in Fig. 6. Although a-ketoglutaramie acid (A) was hydrolyzed 
more rapidly than either form of a-ketosuccinamic acid, maximal activity 
was obtained with lower initial concentrations of the latter compounds. 
The Michaelis constants, under these conditions, for a-ketoglutaramic acid 
(A) and a-ketosuccinamic acids (A and B) were, respectively, 23.9 x 10° 
and 3.8 X 10° m. However, since only approximately 3 per cent of the 
a-ketoglutaramic acid product exists as the B form at pH 9 (Fig. 3), the 
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constant with respect to a-ketoglutaramic acid (B) would be about 0.7 
X M. 

With mixtures of both a-ketoglutaramie acid (A) and a-ketosuccinamic 
acid (A or B) at optimal concentrations, the ammonia formation was not 
additive. Thus with both substrates at concentrations of 80 K 10-3 mM 
under the conditions described in Fig. 6, 18.2 um of ammonia were formed. 
The values for a-ketosuccinamic (A or B) and a-ketoglutaramic (A) acids 
alone were, respectively, 6.90 and 44.2 um. 

The hydrolysis of the keto acid amides by liver fraction L or K was not 
affected by the presence of 0.002 m pyridoxal phosphate or pyridoxamine 
phosphate, or by 0.01 M magnesium sulfate, sodium fluoride, calcium chlo- 
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Fic. 6. Effect of substrate concentration on the deamidation reactions. The re- 
action mixtures contained initially 10 mg. of fraction L, 1 ec. of 0.1 mM borate buffer 
(pH 9.0), and substrate ina final volume of 3.0 ce.; incubated at 37° for lL hour. Iden- 
tical values were obtained for a-ketosuccinamie acids (A) and (B). 


ride, sodium azide, L-glutamine, L-asparagine, a-ketoglutarate, oxalacetate, 
pyruvate, or a-keto-N-methylglutaramate (A). Slight (15 per cent) in- 
hibition of the deamidation of a-ketoglutaramate was observed with 0.08 
M a-ketoglutarate, and a comparable inhibition of a-ketosuccinamate de- 
amidation was noted with 0.1 M oxalacetate. 

Distribution of a-Keto Acid-w-A midase Activity——-In contrast to the a-keto 
acid-dependent deamidation reactions of glutamine and asparagine, which 
are catalyzed by preparations of liver, and to some extent by those of 
kidney, deamidation of the keto analogues of glutamine and asparagine 
occurred with a wide variety of tissues, although liver and kidney were 
the most active of the animal tissues studied. It is of interest that a trans- 
planted rat hepatoma, several microorganisms, and plant tissues also ex- 
hibited deamidase activity (Table 1). 

Relationship between Keto Acid-w-Amidase Activity to Systems Which De- 
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amidate Asparagine and Glutamine—The possibility that the a-keto ana- 
logues of asparagine and glutamine might be intermediates in the trans- 
amination-deamidation reactions between these amino acid-w-amides and 
a-keto acids was previously considered (1, 2). Experiments in which the 
hydrolysis of a-ketosuccinamate and a-ketoglutaramate was studied with 
liver fractions capable of catalyzing the transamination-deamidation reac- 


TABLE I 
Distribution of a-Ketoglutaramate and a-Ketosuccinamate Deamidase Activities* 


Tissue preparation  a-Ketoglutaramate | a-Ketosuccinamate 
uM NH; | um NH; 
‘* hepatoma (Novikoff)§.................. | 6.01 2.03 
Hoechertchia cols, strain W................... 4.94 1.85 
Streptococcus faecalis R..................... | 0.30 | 5.46 


* The reaction mixtures contained initially 30 um of amide, 0.5 cc. of homogenate 
(1 part of tissue to 3 parts of water) or cell suspension (100 mg. per 0.5 cc.), and 1 ce. 
of sodium borate buffer (pH 9.0) in a final volume of 2.0 ce.; incubated at 37° for 1 


hour. 

t Homogenate diluted 8-fold. 

t Homogenate diluted 6-fold. 

§ Generously provided by Dr. Robert E. Greenfield. 

|| Air-dried bottom brewers’ yeast obtained through the courtesy of Mr. F. Omlor, 
Heurich Brewing Company, Washington, D. C. 


tions are described in Table II. Under conditions whereby appreciable 
transamination and deamidation occurred with pyruvate, phenylpyruvate, 
and a-ketovalerate as the acceptor a-keto acids, hydrolysis of a-ketoglu- 
taramate (A) was extremely slow. The rate was not affected by addition 
of 0.5 to 40 um of pyruvate, phenylpyruvate, L-alanine, L-phenylalanine, 
L-leucine, a-ketoglutarate, L-aspartate, or u-glutamate. These exper'- 
ments were carried out at pH 7.2, which is close to the optimal pH for the 
glutamine-pyruvate transamination-deamidation reaction. At this pH, a- 
ketoglutaramate (A) is only slowly attacked, while it is rapidly deamidated 
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at pH 9, a finding which may be attributed to the more rapid conversion 
toform B at a more alkaline reaction. 

When glutamine was oxidatively deaminated by L-amino acid oxidase 
in the presence of fraction G, keto acid (presumably a-ketoglutarate) for- 


TABLE II 


Hydrolysis of Keto Acid-w-Amides by Liver Fractions Which Catalyze 
Transamination-Deamidation Reactions 


Formation Formation of Di 
Substrates of NHs or | a-ketoglutarate or added 
2 oxalacetate e-hete acid 
BM MM uM 
L-Glutamine + pyruvate* 4.50 4.92 (4.54) 4.28 
7 + phenylpy ruvate* 2.00 2.34 (2.24) 1.95 
6 + a-ketovalerate*................ 4.57 4.16 (4.40) 4.21 
L-Glutamic + pyruvateft..| 4.55 5.10 4.20 
+ phenylpyru- 
L-Glutamic acid-y-methylamide + a-ketovaler- 
a-Keto-N -methylglutaramate (A)f{............. 0.28 0.24 
+ phenylpyruvatel].............. 8.15 7.01 
a-Ketosuccinamate (A)||....................... 0.78 0.34 
10.10 | 8.20 


* The reaction mixtures contained 20 mg. of fraction G in 2 cc. of 0.025 m Veronal 
buffer (pH 7.2); incubated at 37° for 1 hour. The concentration of substrates com- 
prised glutamine, 0.005 m; phenylpyruvate, 0.005 mM; pyruvate, 0.01 M; a-ketovalerate, 
0.01 mM; and a-ketoglutaramate (A), 0.005 m. The values for glutamine disappear- 
ance are given in parentheses. 

t At pH 9.0; 0.025 m borate buffer. 

{The reaction mixtures contained 90 mg. of fraction G in 4.0 ce. of 0.025 
M Veronal buffer (pH 8.2); incubated at 37° for 3 hours. The concentration of sub- 
strates comprised glutamic acid-y-methylamide, 0.005 M; a-keto-N-methylglutara- 
mate (A), 0.005 m; phenylpyruvate, 0.005 mM; pyruvate, 0.01 mM; and a-ketovalerate, 
0.01 m. 

§ 7.05 um of L-phenylalanine formed. 

| The reaction mixtures contained 60 mg. of fraction A in 2.0 cc. of 0.05 m Veronal 
buffer (pH 7.7); incubated at 37° for 1 hour. The concentration of substrates com- 
prised asparagine, 0.005 M; a-ketosuccinamate, 0.005 M; pyruvate, 0.01 M; and phenyl- 
pyruvate, 0.005 m. 


mation and extra ammonia formation were observed (Table III). These 
experiments were complicated by the formation of small amounts of keto 
acid and ammonia when fraction G and the venom preparation were incu- 
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bated together. This result may be due to the proteolytic activity of 
venom followed by subsequent oxidation of the free amino acids liberated. 
However, the data indicate that considerably more ammonia and keto 
acid were formed when fraction G was incubated with the venom prepara- 
tion and glutamine than when it was added after the glutamine was ovyi- 
dized. From these studies it would appear that the initial product of the 
oxidation of glutamine by L-amino acid oxidase (a-ketoglutaramate (B)) js 
rapidly hydrolyzed at pH 7.2. 


TaBLeE III 


Effect of Simultaneous Incubation of Fraction G and t-Amino Acid Oxidase with 
Glutamine* 


| Keto acid 


| 
Reactants | | 
| Tate 
| patoms uM uM 


* The vessels contained L-glutamine (40 um), rattlesnake venom (20 mg.), frac- 
tion G (20 mg.), and crystalline beef liver catalase (50 units) in a final volume of 14 
cc. of 0.08 M Veronal buffer (pH 7.2). After shaking for 140 minutes at 37°, the total 
oxygen consumption was recorded, and samples were analyzed for keto acid (7) and 


ammonia. 
+ After 140 minutes, fraction G (20 mg.) was added and the mixture incubated 


for 180 minutes. 


a-Ketosuccinamic acid (B) but not a-ketosuccinamie acid (A) was rap- 
idly deamidated in a system capable of catalyzing the transamination- 
deamidation reaction of asparagine. a-Keto-N-methylglutaramic acid (A) 
was not hydrolyzed by fraction G, although this enzyme preparation cat- 
alyzed appreciable transamination between glutamic acid-y-methylamide 
and several a-keto acids (Table IT). 

The purified liver fraction K, which was approximately 40 times more 
active in catalyzing the deamidation of a-ketosuccinamic and a-ketoglu- 
taramic acids, was inactive toward asparagine and glutamine in the pres- 
ence and absence of pyruvate. The system or systems responsible for 
hydrolysis of the keto acid-w-amides are therefore not identical with glu- 
taminase’ or asparaginase. Although the keto acid-w-amidase activities 


° A cell-free glutaminase obtained from C. welchii did not hydrolyze a-ketoglu- 
taramate (A), a-ketosuccinamate (A and B), or L-asparagine. 
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have been prepared free of glutamine and asparagine transaminase-deami- 


dase activities, the glutamine and asparagine transaminase-deamidase prep- 
arations have invariably been found to possess keto acid-w-amidase activ- 


ity. Further purification of the transaminase-deamidase systems appears 


desirable, and efforts in this direction are in progress. 

Transamination Involving a-Ketosuccinamate and a-Ketoglutaramate— -En- 
zymatic formation of asparagine by transamination between a-ketosuccin- 
amate (B) and glutamine was demonstrated as follows: 60 um each of 
t-glutamine and a-ketosuccinamate (B) and 50 mg. of fraction G in 2 ce. 
of 0.05 M Veronal buffer (pH 7.2) were incubated for 2 hours at 37°. Paper 
chromatographic studies were carried out in four solvent mixtures, as pre- 
viously described (2).° The formation of asparagine was readily apparent 
by the position of the characteristic brown ninhydrin spot for asparagine 
on chromatograms developed in each of the solvent mixtures, as compared 
with internal standards and the appropriate controls (2). Attempts to 
demonstrate glutamine formation from a-ketoglutaramate (A) with frac- 
tions G, L, and A and alanine, glutamic acid, asparagine, phenylalanine, 
leucine, methionine, or ammonia were not successful.!® 

Non-enzymatic transamination between pyridoxamine and a-ketosuccin- 
amic acid (A and B) and between pyridoxamine and a-ketoglutaramic 
acid (A) was demonstrated under conditions similar to those of Metzler 
and Snell (20). 60 um each of pyridoxamine and keto acid amide in 2 ce. 
of 0.2 m sodium acetate buffer (pH 4.9) containing 0.02 m aluminum chlo- 
ride were placed in a boiling water bath for 10 minutes. The solutions 
became markedly yellow, suggesting the formation of pyridoxal, and paper 
chromatography indicated a considerable formation of glutamine and as- 
paragine from their respective keto analogues, as well as a decrease in the 
concentration of pyridoxamine. Analysis by enzymatic procedures, as de- 
scribed above, revealed the formation of 5.56 um of L-glutamine, and, in 
the experiments with a-ketosuccinamic acid, 9.40 and 10.0 um of L-aspara- 
gine, respectively, were formed from the A and B forms of this compound. 
The results suggest that some conversion of the A forms of a-ketogluta- 
ramic and a-ketosuccinamic acids to the respective B forms occurred under 
these conditions. 


DISCUSSION 


The evidence demonstrates the wide-spread occurrence of enzyme sys- 
tems capable of hydrolyzing the w-amides of oxalacetic and a-ketoglutaric 
acids. It also appears that the keto acid-w-amidase systems are not iden- 

“a-Ketoglutaramic acid (A) (as well as the y-ethy] esters of glutamic and a-keto- 


glutaric acids) did not replace glutamine or glutamate in supporting the growth of 
Lactobacillus arabinosus under conditions similar to those of Ayengar et al. (19). 
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tical with asparaginase or glutaminase, although these amino acid-w-am)j. 
dases also are known to be widely distributed in nature (see, for example 
Krebs and Price and Greenstein (21, 22)). A consideration of the relatiye 
rates of hydrolysis of the two keto acid-w-amides by various preparations 
suggests that, in at least several cases, significant quantitative differences 
exist (Table I). However, the question of the identity or non-identity of 
the deamidase activities remains to be definitely settled. 


It is possible that a-ketosuccinamic and a-ketoglutaramic acids arise } 


from the corresponding amino acid amides by transamination or deamina- 
tion, or by amidation of the analogous dicarboxylic a-keto acids. Ou 
original interest in these amides arose from a consideration of their possible 
roles as intermediates in the transamination-deamidation reactions of glu- 
tamine and asparagine. Evidence compatible with the intermediate par- 
ticipation of these a-keto acid-w-amides is (a) the observation that the B 
forms of a-ketosuccinamic and a-ketoglutaramic acids are hydrolyzed by 
liver preparations and (b) the occurrence of enzymatic transamination 
between glutamine and a-ketosuccinamic acid (B) to yield asparagine. 
The lack of susceptibility of the A forms to enzymatic hydrolysis was the 
basis for the previous suggestion that these compounds might not be inter- 
mediates. The findings obtained with a-keto-N-methylglutaramate (A) 
do not support the hypothesis; however, it was not possible to obtain the 
keto analogue of glutamic acid-y-methylamide in a form possessing a reac- 
tive a-keto group. Final solution of this problem must await separation 
of the transamination and deamidation steps in such a way as to permit 
isolation of the postulated intermediates. 


SUMMARY 


1. t-Asparagine, L-glutamine, and L-glutamic acid-y-methylamide were 
deaminated by oxidation by preparations of L-amino acid oxidase obtained 
from rattlesnake venom, and the products of oxidation were isolated as 
free acids or sodium or barium salts. The product obtained from aspara- 
gine was prepared in two interconvertible forms. One of these, the true 
a-keto analogue of asparagine (a-ketosuccinamic acid), possessed a reactive 
a-keto group as judged by hydrazone formation, susceptibility to decar- 
boxylation by hydrogen peroxide, and quantitative reduction by lactic 
dehydrogenase. The product resulting from oxidation of glutamine did 
not possess a reactive a-keto group, but could be converted to a-ketoglu- 
taramic acid at alkaline values of pH. The oxidation product of glutamic 
acid-y-methylamide did not possess, nor could it be converted to a form 
possessing, a reactive a-keto group. Certain chemical and physical prop- 
erties of the products are described. 

2. a-Ketoglutaramic and a-ketosuccinamic acids were enzymatically hy- 
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drolyzed by rat liver preparations to ammonia and a-ketoglutaric and 
oxalacetic acids, respectively. The keto acid-w-amidase activity was puri- 
fed 40-fold from rat liver. Active keto acid-w-amidase preparations were 
obtained from a wide variety of rat tissues and several other biological 
materials. The effect of pH and substrate concentration on the reactions 


was studied. 
3. The relationship between keto acid-w-amidase activity and systems 


which deamidate glutamine and asparagine was investigated. The keto 
acid-w-amidase activities were prepared free of glutaminase, asparaginase, 
and the glutamine and asparagine transaminase-deamidase activities. 

4. The isolated oxidation products of glutamine and asparagine were only 
slowly hydrolyzed by preparations possessing glutamine and asparagine 
transaminase-deamidase activity. However, under conditions whereby 
these products were converted to forms possessing reactive a-keto groups, 
hydrolysis occurred rapidly. The possibility that a-ketosuccinamic and 
a-ketoglutaramic acids represent intermediates in the transamination-de- 
amidation reactions of asparagine and glutamine, respectively, is discussed. 

5. Enzymatic transamination between glutamine and a-ketosuccinamic 
acid yielding asparagine was demonstrated by paper chromatography. 


The author wishes to acknowledge the skilful assistance of Miss Sarah 
V. Tice and Miss Phyllis E. Fraser. 
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The scope of enzymatic transamination was considered by the discoverers 
of this reaction to be quite broad, involving reversible a-amino group trans- 
fer between a-ketoglutarate and a wide variety of a-amino acids (2). Later 
studies suggested that the major transamination reactions were limited to 
those between aspartate, glutamate, and alanine (3, 4). Recently, as a 
result of the development of more sensitive analytical procedures, the 
occurrence of transamination reactions between a-ketoglutarate and a large 
number of amino acids (5-7) and between glutamine and asparagine and a 
variety of a-keto acids (8, 9) has been demonstrated. The available evi- 
dence suggests that more than one enzyme system is responsible for the 
catalysis of the various transamination reactions. 

As an approach to the problem of the possible multiplicity of trans- 
aminases, we have fractionated extracts of a strain of ’scherichia coli and 
have obtained evidence for the existence of two major transaminase sys- 
tems. A study of several mutants of this organism was also carried out. 
One mutant was of particular interest in that, although it required L-iso- 
leucine for growth, it did not respond to the keto analogue of this amino 
acid, suggesting a genetic block in transamination. This organism, which 
is known to possess a secondary requirement for valine, has now been 
found to respond to alanine or a-aminobutyrate in place of valine. Enzy- 
matic study of this mutant led to the finding of a transamination reaction 
between valine and alanine (or a-aminobutyric acid). Evidence concern- 
ing the occurrence of certain other transamination reactions not involving 
dicarboxylic amino or keto acids is also presented. 


EXPERIMENTAL 


Materials—Cultures of F. coli (strain W) and several mutants of this 
organism were generously supplied by Dr. Bernard D. Davis. The basal 
medium and the general procedure of Davis and Mingioli (10) were em- 
ployed for growth studies and for the growth of large batches of cells. 
Preparation of the cells for enzymatic studies was carried out as follows: 
10 liters of the medium were inoculated with 100 ml. starter cultures and 


* A preliminary report of this work has appeared (1). 
591 
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harvested in a Sharples centrifuge after 15 hours growth at 37°.' After 
being washed twice with 0.85 per cent saline, the cells were suspended in 
a small amount of water, lyophilized, and stored at —10°. Cell-free ex. 
tracts were prepared by grinding the cells with 3 parts of alumina (Alu- 
mina A-301, Aluminum Company of America), shaking the mixture with 
20 parts of water for several minutes, and centrifuging at 18,000 X g for 
45 minutes at 0°. The cell-free extract was dialyzed against distilled wa- 
ter for 8 hours at 10° before use. 

The calcium phosphate (11) and alumina A (12) gels used in fractiona- 
tion of the cell-free extract were prepared as described. The dry weights 
of the preparations of the two gels were, respectively, 40 mg. and 30 mg. 
per ml. 

The a-keto acids were prepared as previously described (13) and sodium 
a-ketoglutarate was prepared from samples of the free acid obtained from 
the Nutritional Biochemicals Corporation; most of the L-amino acid iso- 
mers were prepared in this Laboratory (14). Pyridoxal phosphate was 
prepared according to Hey] e¢ al. (15) and in this Laboratory (16). 

Methods—The conditions employed for the determination of transam- 
inase activity were as follows: Keto acid (75 um), amino acid (75 un); 
pyridoxal phosphate (20 7), potassium phosphate buffer, pH 8.3 (200 um), 
and enzyme preparation, in a final volume of 1.7 ml., were incubated at 
37° for 30 to 240 minutes. At the end of incubation, the reaction mixture 
was placed in a boiling water bath for 5 minutes and then cooled.  Follow- 
ing the addition of 0.3 ml. of 3 M acetate buffer,? pH 4.9, the precipitated 
protein was removed by centrifugation and an aliquot of the supernatant 
fluid was analyzed for the appropriate amino acid. The transamination 
rates (designated as Q,) were determined from the initial linear portions of 
the time-activity curves, and are expressed as micromoles of amino acid 
formed per hour per mg. of enzyme preparation nitrogen. 

The techniques used for the determination of amino acids were as follows: 
(a) L-glutamic acid, decarboxylation with Clostridium welchii (17); (b) L- 
aspartic acid, decarboxylation with C. welchii (17); (c) L-tyrosine, micro- 
biological assay with a tyrosineless E. coli mutant, 83-8; (d) L-isoleucine, 


1 In all the studies with mutants, checks were made to determine whether back- 
mutation had occurred. In the few cases where back-mutation was observed, the 
cells were discarded. 

2 For tyrosine, 20 uM were used. 

’ The mixtures were always placed in the boiling water bath before acidification. 
Acidification prior to heating resulted in loss of glutamate due to glutamic decar- 
boxylase activity. Disappearance of glutamate due to enzymatic decarboxylation 
was also noted at pH 7.2; the transaminase reactions were therefore carried out at 


pH 8.3. 
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-valine, and L-leucine; microbiological assay with Leuconostoc mesenter- 
oides (18). 

The tyrosine assay was carried out as follows: The basal medium of 
Davis and Mingioli (10) was enriched by addition (per 10 ml.) of L-isoleu- 
cine (2.6 mg.), L-leucine (2.6 mg.), L-valine (2.3 mg.), L-glutamic acid (2.9 
mg.), L-aspartic acid (2.7 mg.), and L-tryptophan (4.1 mg.). Each assay 
tube contained the medium and sample in a final volume of 10 ml. 5 ml. 
of a 12 hour culture of the tyrosineless mutant were centrifuged. The cells 
were washed twice with sterile 0.85 per cent saline, resuspended in 5 ml. of 
saline, and diluted with 100 parts of saline. 1 drop of the diluted suspen- 
sion served as the inoculum. With known amounts of tyrosine, a linear 
standard curve was obtained over the range, 0 to 100 y per 10 ml. There 
was no growth response to p-hydroxyphenylpyruvate, so that tyrosine 
could be determined in the presence of this keto acid. 

Paper chromatographic studies were carried out as described previously 
(9), employing internal standards and the appropriate controls.‘ 

a-Ketoglutarate-Amino Acid Transamination Catalyzed by Wild Strain— 
The major a-ketoglutarate-amino acid transamination reactions catalyzed 
by extracts of the wild strain are described in Table I. Transamination 
between a-ketoglutarate and alanine, a-aminobutyric acid, glycine, serine, 
threonine, cysteine, proline, histidine, ornithine, and arginine was very 
weak or not detectable, and these amino acids were therefore not included 
in subsequent studies. 

Fractions of the wild strain extract were obtained which catalyzed rapid 
transamination between a-ketoglutarate and certain aliphatic amino acids, 
but which exhibited greatly reduced activity for aspartate and the aro- 
matic amino acids. Conversely, it was possible to prepare fractions which 
showed activity almost exclusively for the latter group. A convenient sep- 
aration was obtained by selective elution from calcium phosphate gel with 
phosphate buffers of various values of pH. Protein was progressively 
eluted as the pH was increased, as indicated in Fig. 1. Comparison of 
the enzymatic activities of the eluates at various values of pH showed that 
each activity first appeared in the eluate at a characteristic pH and was 
present in eluates at higher, but not at lower, values of pH. By repeated 
elution, a given enzymatic activity could be removed at the pH at which 
it first appeared in the eluate. Several enzymatic activities were studied 
and the lowest pH at which they appeared in the eluate is indicated® in Fig. 
1. It was found that a-ketoglutarate-transaminase activity for phenylala- 


‘The authors are indebted to Dr. Herbert A. Sober for valuable advice in carry- 
ing out the chromatographic analyses. 

’Glutaminase (8), asparaginase (9), lysine decarboxylase (19), and glutamic de- 
carboxylase (17) were determined as described. 
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nine, tyrosine, tryptophan, and aspartate was eluted from calcium phos- 
phate gel at pH 4.5, while that for isoleucine, leucine, valine, norleucine, 


TABLE I 


Transamination between Amino Acids and a-Ketoglutarate Catalyzed by Various 
Enzyme Preparations* 


Enzyme preparation 
t-Amino acid Wild strain | Jsoleucineless 

12.5 | 0 145 0 
16.9 | 33.0 | 250 | 1.12 
17.3 | 33.0 | 286 0.85 
15.9 | 72.3 | 196 | 4.64 
Methionine. ....... 12.5 99.0 78.1 7.50 
15.3 | 446 64.6 11.6 
10.3 257 | 15.0 7.05 
29.8 | 59S | 0 28.5 
41.0 1010 | 0 39.6 


* The experimental details are given in the text. The rates of transamination 
are expressed as Q, (micromoles of L-glutamate formed per hour per mg. of enzyme 
preparation nitrogen). 

+ L-Alloisoleucine was approximately 50 per cent as active as L-isoleucine. 


TRANSAMINASE A 
25+ | GLUTAMINASE 


LYSINE DECARBOXYLASE | 
ALANINE - VALINE 


5 TRANSAMINASE 
ASPARAGINASE 
45 5.0 6.0 7.0 8.0 
pH 


Fic. 1. Elution of enzymatic activities from calcium phosphate gel by 0.1 M po- 
tassium phosphate buffer of various values of pH. The lowest pH at which the 
activity was eluted is indicated for each system. The experimental details are given 
in the text. 


and norvaline was obtained at pH 6.0. A separation of these activities was 
also accomplished with alumina gels A or Cy. The transaminase activities 
were eluted from these adsorbents in the same order, but at somewhat 
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higher values of pH. Thus the fraction eluted from calcium phosphate gel 
at pH 6.0 was identical in specificity to that eluted from alumina A gel at 
pH 8.3. In the present report the fraction exhibiting the principal a-keto- 
glutarate-transaminase activity toward aspartate and the aromatic amino 
acids will be designated “transaminase A,” and that catalyzing transamina- 
tion between a-ketoglutarate and isoleucine, leucine, valine, norvaline, or 
norleucine will be referred to as ‘‘transaminase B.” The procedures em- 
ployed for the separation and purification of transaminases A and B are 
given below.® 

Preparation of Transaminase A—7 ml. of dialyzed wild strain extract 
were treated with 0.8 ml. of m sodium acetate buffer (pH 5.3), and mixed 
with 5 ml. of calcium phosphate gel. After occasional shaking for 10 
minutes at 5°, the mixture was centrifuged and the supernatant discarded. 
The pellet was suspended in 7 ml. of 0.1 M potassium dihydrogen phosphate 
(pH 4.5), and after standing for 10 minutes at 5° the solution was centri- 
fuged. The supernatant was dialyzed against distilled water for 10 hours. 
Molar acetate buffer (pH 5.3) was added to yield a final acetate concentra- 
tion of 0.1 mM. Saturated ammonium sulfate solution was then added at 
0° to 45 per cent saturation. After 1 hour, the precipitate was removed by 
centrifugation and discarded. Saturated ammonium sulfate solution was 
added to the supernatant to yield a final saturation of 60 per cent. After 
standing for | hour at 0°, the precipitate was collected and dissolved in 7 
ml. of 0.1 mM potassium phosphate buffer (pH 8.3). The a-ketoglutarate- 
transaminase activities of transaminase A are given in Table I. 

Preparation of Transaminase B—Molar acetate buffer (pH 5.3) was 
added to 44 ml. of a cell-free extract of the wild strain to yield an acetate 
concentration of 0.1 mM, and acetone was added at —5° to 20 per cent 
concentration. After standing for 15 minutes, the mixture was centrifuged. 
Acetone was added at —5° to the supernatant to a concentration of 40 
per cent. After standing for 15 minutes at —5°, the precipitate was col- 
lected by centrifugation, dissolved in 20 ml. of 0.1 mM potassium phosphate 
buffer (pH 8.3), and dialyzed for 10 hours against distilled water. Molar 
acetate buffer (pH 5.3) was added to a final concentration of 0.1 mM, and the 
solution was mixed with 15 ml. of alumina A gel. After occasional shaking 
for 10 minutes at 5°, the gel was centrifuged and the supernatant discarded. 
The pellet was washed five times with 15 ml. of 0.1 mM phosphate buffer 


* Transaminase B was about 60 per cent resolved with respect to pyridoxal phos- 
phate, whereas transaminase A was not resolved. Both preparations were approxi- 
mately 80 per cent resolved by dialysis for 48 to 72 hours at 5° against 0.56 uw KeHPO,. 
In several experiments with transaminase B, 2.5 y of either pyridoxal phosphate or 
pyridoxamine phosphate were sufficient to reactivate the system (¢f. Meister ef al. 
(20)). 


596 TRANSAMINATION IN E. COLI 


(pH 6.2). Finally the gel was dispersed in 15 ml. of 0.1 m phosphate buffer 
(pH 8.3). ‘After centrifuging, the supernatant was collected and dialyzed 
against water. The adsorption and elutions were repeated, and the eluate 
obtained at pH 8.3 was again dialyzed against water for 10 hours. Molar 
acetate buffer (pH 5.3) was then added to a concentration of 0.1 m, followed 
by addition of saturated ammonium sulfate solution to 40 per cent satura- 
tion. After standing at O° for 1 hour, the precipitate was removed by 
centrifugation and the supernatant was treated with saturated ammonium 
sulfate solution to 60 per cent saturation. After standing again at 0° for 
1 hour, the precipitate was collected by centrifugation and dissolved in 8 
ml. of 0.1 mM phosphate buffer (pH 8.3). The a-ketoglutarate-transamin- 
ase activities of this preparation are given in Table I. 

It is apparent from an examination of Table I that activity for aspartic 
acid and tryptophan was limited to transaminase A, and activity for iso- 
leucine and valine was limited to transaminase B. Transamination of 
phenylalanine and tyrosine was catalyzed more rapidly by transaminase \ 
than by transaminase B. Conversely leucine, norvaline, and norleucine 
were considerably better substrates for transaminase B than for trans- 
aminase A. Activity toward methionine was approximately the same with 
both enzyme preparations. 

A considerable effort was made to fractionate transaminases A and B 
further. However, all the fractions obtained exhibited the same relative 
activities with the various substrates as did the original preparations. 
Preparations possessing less activity per mg. of nitrogen, but the same 
substrate specificity as transaminases A or B, were obtained from the 
original extract by precipitation with ammonium sulfate and by low tem- 
perature fractionation with ethanol. 

Transamination Catalyzed by Isoleucineless Mutant 42-387-—The isoleucine- 
less mutant 42-37 was selected for study because of its inability to utilize 
d-a-keto-8-methylvalerate in place of L-isoleucine. This finding suggested 
the possibility of a genetic block in the transamination of the keto analogue 
of isoleucine. In addition this mutant has an interesting secondary re- 
quirement for valine (Fig. 2). We have found that optimal growth may 
be obtained when L-alanine or L-a-aminobutyrate is substituted for L- 
valine. The isoleucineless mutant 97-21 grew as well on d-a-keto-8-methy!- 
valerate as it did on L-isoleucine (cf. Meister (21)); it is therefore blocked 
at an earlier stage in the biosynthesis of isoleucine. This mutant has no 
valine requirement. A leucineless mutant (42-32), used in this study, grew 
equally well on L-leucine and a-ketoisocaproate. 

Examination of the transaminase activity of lyophilized cells, cell-free 
extracts, and various fractions of the isoleucineless mutant 42-37 revealed 
a deficiency in the scope of transamination corresponding to the absence of 
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transaminase B (Table 1). The transaminase activities of the isoleucineless 
mutant 97-21 and of the leucineless 42-32 mutant were approximately the 
same as those of the wild strain for all of the ten amino acids studied. 

The rdéle of transamination in the degradation of isoleucine was indicated 
by the comparative growth of the 42-37 mutant, the 97-21 mutant, and 
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Fic. 2. Growth curves of E. coli isoleucineless mutant 42-37. The concentrations 
of valine and isoleucine were 100 y per 10 ml. of medium (10); incubated at 37°. 
Ordinate, optical density at 660 mz. Optimal growth was also obtained when the 
supplement was isoleucine plus alanine (or a-aminobutyrate). 


— 
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HOURS 
Fic. 3. Growth of the wild strain and two isoleucineless mutants of FE. coli on a 
medium containing L-isoleucine as the sole source of nitrogen. The basal medium 
(10) was modified by the omission of ammonium sulfate and the addition of 10 mg. 
of t-isoleucine per 10 ml. Ordinate, optical density at 660 maz. 


the wild strain, on a medium containing L-isoleucine as the sole source of 
nitrogen (Fig. 3). Although the wild strain and the 97-21 mutant utilized 
L-isoleucine as the sole source of nitrogen, the 42-37 mutant was incapable 
of growth under these conditions. The findings are compatible with the 
concept that the availability of the nitrogen of isoleucine for growth de- 
pends upon the ability of the organism to remove the amino group by 
transamination. Growth of the 42-37 mutant on a medium containing 
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phenylalanine as the main nitrogen source was comparable to that of the 
wild strain. 

Evidence for Existence of Valine-Alanine (or a-Aminobutyrate) Trans- 
aminase—The ability of the isoleucineless mutant 42-37 to grow (at a 
delayed rate) on media deficient in valine (Fig. 2) and the absence of 
glutamate-valine transaminase activity in preparations of this organism 
suggested that valine was synthesized by a route not involving transamina- 
tion between glutamate and a-ketoisovalerate. Assay of hydrolysates of 
the 42-37 mutant and of the wild strain, grown on media containing am- 
monium chloride as the main nitrogen source, revealed comparable amounts 
of valine. Other reactions leading to the amination of a-ketoisovalerate 


Tasie Il 


Transamination between a-Ketoisovalerate and Various Amino Acids Catalyzed by 
Extract of Mutant 42-37* 


t-Amino acidt | Valine formed 
uM 
Alanine........ 3.75 
a-Aminobutyric | 6.08 
Norvaline........... | 0.72 
| 0 


* The reaction mixtures, containing 1 mg. of extract nitrogen, were incubated 
for 4 hours; other experimental details are given in the text. 

+ No valine was formed with the following amino acids: isoleucine, leucine, 
methionine, phenylalanine, tyrosine, and tryptophan. 


were therefore investigated. Studies in which a large number of possible 
amino group donors was employed led to the finding that extracts of the 
mutant catalyzed transamination between a-ketoisovalerate and alanine, 
a-aminobutyric acid, or (to a slight extent) norvaline (Table II). The 
formation of valine by transamination between a-ketoisovalerate and ala- 
nine (or a-aminobutyrate), but not glutamate or aspartate, was confirmed by 
paper chromatography. In these experiments, the formation of an a-keto 
acid (presumably pyruvate), which was rapidly reduced by crystalline 
lactic dehydrogenase, was also observed. Transamination in the reverse 
direction, with the formation of alanine from valine and pyruvate, was also 
demonstrated chromatographically. Under these conditions no glutamate 
was formed from valine and a-ketoglutarate. 

This activity was also found in extracts of the wild strain. The alanine- 
valine transaminase activity of the wild strain extract was eluted from 
calcium phosphate gel at pH 6.5 (Fig. 1). The alanine-valine system is 
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therefore not identical with transaminase B, which was eluted at pH 6.0 
under these conditions. Furthermore, alanine-valine activity was present 
in extracts of the 42-37 mutant, which did not possess transaminase B 
activity. 

Transamination Reactions Not Involving Glutamic Acid—The finding of 
valine-alanine (or a-aminobutyrate) transamination reactions suggested the 
possibility of other transamination reactions not involving glutamic acid. 
Such reactions were found to proceed relatively rapidly between certain 


Tasre Ill 


Transamination between Various Amino and Keto Acids Catalyzed by Wild Strain 
Extract 


Transaminase activity (Or) 


t-Amino acid 


| d-a-Keto- p-Hydroxy- 

|iscaprate | Oxalacetate 
Isoleucine | 1.2 8.61 2.05 0 
Valine 6.02 4.86 1.38 0 
Leucine 2.36 | 2.19 
Norvaline..... | 6.02 | 7.64 | 4.55 1.38 | 1.61 
Norleucine. | §.80 6.39 | 7.95 3.61 4.10 
Methionine. . 0.89 | 2.94 3.08 2.63 8.00 
Phenylalanine 2.05 2.41 3.30 17.0 
Tyrosine 0 0 1.03 15.2 
Tryptophan 0 0 1.47 12.2 19.1 
Aspartic acid 0 0 0.35 6.11 
Glutamic 8.00 8.09 + 24.8 


* A quantitative method for following this reaction was not available. However, 
the formation of tyrosine was observed chromatographically. The formation of 
phenylalanine in the reverse reaction, phenylpyruvate + tyrosine — phenylalanine 
+ p-hydroxyphenylpyruvate, was also demonstrated chromatographically. 


amino acid-keto acid pairs. The rates of transamination of various amino 
acids with the keto acid analogues of isoleucine, valine, leucine, tyrosine, 
and aspartic acid are given in Table III. The findings may be summarized 
as follows: (1) d-a-Keto-8-methylvalerate, a-ketoisovalerate, and a-keto- 
isocaproate transaminated rapidly with isoleucine, valine, leucine, nor- 
valine, and norleucine. (2) p-Hydroxyphenylpyruvate transaminated rap- 
idly with tryptophan and aspartic acid. (3) Oxalacetate transaminated 
slowly or not at all with the aliphatic amino acids, and rapidly with those 
of the aromatic group. ‘Therefore, the major substrates for transaminase 
B transaminate rapidly with each other, as well as with glutamate, but 
slowly or not at all with the principal substrates for transaminase A. 
Analogous results were obtained with the substrates for transaminase A, 
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Experiments with the purified transaminase preparations indicated that 
the reactions described under (1) above were catalyzed mainly by trans. 
aminase B and that transaminase A catalyzed reactions given under (2) 
and (3) above. Eluates from calcium phosphate gel obtained at various 
values of pH were assayed for oxalacetate-tryptophan, and d-a-keto-6- 
methylvalerate-leucine transaminase activities. The former appeared at 
pH 4.5 (as did transaminase A) and the latter at pH 6.0 (as did trans- 
aminase B). The purified preparations, whose a-ketoglutarate-transamin- 


IV 
Purification of Transaminase Activities 


Substrates Prepar- Or Ratio T (transaminase A or B) 
Keto acid t-Amino acid | 

a-Ketoglutaric Phenylalanine | A 448 29.3 

Tryptophan 600 20.2 

Aspartic 1010 24.7 

Oxalacetic Phenylalanine ec 342 20.1 

Tyrosine 223 | 14.7 

Tryptophan 421 22.0 

p-Hydroxypheny]- | 380 | 31.2 
pyruvic | | 

p-Hydroxyphenyl- Aspartic 28.2 
pyruvic | | 

a-Ketoglutaric Isoleucine B | 210 12.8 

Valine | 145 11.6 

Leucine 250 14.8 

d-a-Keto-8-methy]- Valine | 89.5 14.9 
valeric | 

d-«-Keto-8-methyl- Leucine 259 18.0 

valeric | 
a-Ketoisovaleric Isoleucine | 160 | 14.3 
Leucine | 14.4 


ase activities are described in Table I, were also examined for activity in 
catalyzing the reactions described in Table III. It was found that the 
purification of the activities for these reactions was of the same order of 
magnitude as that of the a-ketoglutarate-transamination reactions (‘Table 
IV). 


DISCUSSION 


The glutamate-transaminase reactions catalyzed by extracts of the wild 
strain may conveniently be considered in two categories: (a) reactions 
involving phenylalanine, tyrosine, tryptophan, and aspartate, and (b) reac- 
tions involving isoleucine, valine, leucine, norleucine, and norvaline. ‘The 
first group of reactions was catalyzed exclusively or considerably more 


p 
a 
a 
a 
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rapidly by transaminase A than by transaminase B. Similarly the ali- 
phatic amino acids were exclusive or much better substrates for trans- 
aminase B than for transaminase A. Preparations comparable to trans- 
aminases A and B were obtained by several different types of fractionation, 
and thus far efforts to separate these activities further have not been suc- 
cessful. 

It is of interest that transaminase B also catalyzed reactions between 
amino and keto acids of the aliphatic group, and to a lesser extent or not 
at all reactions between members of the aromatic-aspartic group. Trans- 
aminase A catalyzed transamination between amino acids of the aromatic- 
aspartic group, but not between those of the aliphatic group. With the 
unfractionated wild strain extract, the substrates of each group transam- 
inated readily with glutamate and each other, but not at all or relatively 
slowly with those of the other group. The function of glutamate is unique 
in that it transaminates with all of the amino acids of both groups. 

The distinction between the reactions of isoleucine, valine, leucine, nor- 
leucine, and norvaline and those of aspartate and the aromatic amino acids 
is thus based upon (a) studies with the purified fractions, (b) the relative 
rates of transamination between various amino and keto acid pairs cata- 
lyzed by the unfractionated wild strain extract, and (c) the absence of 
transaminase B activity in cells, extracts, and fractions of the isoleucineless 
mutant 42-37. The present findings are compatible with the existence of 
two major transaminating enzymes, one for each group. The slight activ- 
ity of transaminase A toward leucine, norleucine, and norvaline, and of 
transaminase B toward tyrosine and phenylalanine, as well as the signifi- 
eant activity of both preparations with methionine, might be ascribed to 
incomplete separation of the enzymes or to some overlapping of specificity. 
If the genetic modification of the isoleucineless mutant 42-37 is associated 
with the loss of a single enzyme, then the latter possibility would appear 
to be more reasonable. 

The unique requirement of the 42-37 mutant of F. coli and of the corre- 
sponding Neurospora mutant for both isoleucine and valine has been the 
subject of considerable study (22-25). A tentative explanation of the 
double amino acid requirement was that the accumulation of the keto 
analogue of isoleucine (due to a block in its amination) interfered with the 
amination of the keto analogue of valine. The present studies provide an 
alternative explanation for the double amino acid requirement of this mu- 
tant; namely, that the mutant lacks the principal transaminase system for 
isoleucine and valine’. The secondary nature of the valine requirement 


* It was recently concluded (26), on the basis of enzyme kinetic studies, that the 
glutamic-valine and glutamic-isoleucine transamination reactions of E. coli were 
catalyzed by separate enzymes. The data of the present communication are not in 
accord with this conclusion. 
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may be attributed to the persistence of the weaker valine-alanine (or 
a-aminobutyrate) transaminase system. This conclusion is also supported 
by the finding that the relative valine requirement can be supplied by 
equivalent concentrations of alanine or a-aminobutyrate. These observa- 
tions supplement the enzymatic findings in indicating that in F. coli at 
least two pathways exist for the conversion of a-ketoisovalerate to valine, 
Enzymatic studies of the Neurospora mutant which corresponds in growth 
behavior to the F. coli 42-37 mutant would be of interest. 

The discovery of a transamination reaction between a-ketoisovalerate 
and alanine (or a-aminobutyrate) led to the investigation of possible trans- 
amination reactions between other pairs of a-keto and a-amino acids. As 
indicated in Table III, such reactions occurred at rates frequently equiva- 
lent to or greater than the corresponding rates observed with glutamate. 
It has generally been assumed that glutamate or a-ketoglutarate takes part 
in all transamination reactions. There is, however, no theoretical basis 
for the assumption that a dicarboxylic amino or keto acid must be involved 
in every transamination reaction. The current concept of the mechanism 
of enzymatic transamination involves reversible amino group transfer be- 
tween pyridoxal phosphate and pyridoxamine phosphate. These coen- 
zymes might be expected to participate in amino group transfer with 
monocarboxylic as well as dicarboxylic amino and keto acids (cf. Metzler 
and Snell (27)). Although early investigations suggested that glutamate 
(or a-ketoglutarate) was involved in all transamination reactions, sensitive 
analytical methods for many amino and keto acids were then not available, 
and the existence of other types of transamination could not be properly 
evaluated. Furthermore, recent studies have demonstrated the participa- 
tion of glutamine (8), asparagine (9), and a-ketosuccinamic acid (28) 
(without prior deamidation) in transamination. Preliminary reports de- 
scribing the occurrence of an ornithine-alanine system (29) and transamina- 
tion between certain monocarboxylic amino and keto acids (30) have also 
appeared. Some reservation must be made in concluding that glutamate 
may not be involved in some of these reactions, since it is recognized that 
this amino acid may be present in trace amounts in enzyme preparations. 
For example, the participation of glutamate and a-ketoglutarate as inter- 
mediates in the aspartate-alanine reaction of heart muscle seems probable 
(31, 32). However, in the present study transamination between a-keto- 
isovalerate and alanine (or a-aminobutyrate) was observed under conditions 
whereby glutamate (and aspartate) were inactive. With the demonstra- 
tion of the wide scope of transamination and the recognition that glutamate 
is not a necessary participant in all of these reactions, the interpretation of 
transamination reactions in terms of catalysis by individual enzymes be- 
comes exceedingly difficult. The present studies on FE. coli have led to the 
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tentative conclusion that at least two major transaminase systems exist in 
this organism. It is obvious that final evaluation of this problem, in this 
organism as well as in other species,’ must depend upon investigations 
involving comprehensive fractionation and purification, and assays em- 
ploying all possible substrate combinations. 


SUMMARY 


|. Cell-free extracts obtained from Escherichia coli strain W catalyze 
transamination reactions between glutamate and two groups of amino 
acids; namely, (a) phenylalanine, tyrosine, tryptophan, and aspartate, and 
(b) isoleucine, valine, leucine, norleucine, and norvaline. The amino acids 
of each group transaminated with each other (as well as with glutamate), 
but not at all or relatively slowly with those of the other group. 

2. By means of selective elution from calcium phosphate or alumina gels 
or by fractionation with ammonium sulfate or ethanol, two purified trans- 
aminase preparations were obtained. Each of these systems catalyzed 
transamination reactions between the amino acids of one group (or between 
these amino acids and glutamate), but had little or no activity for those of 
the other group. Thus one preparation (transaminase A) catalyzed trans- 
amination between phenylalanine, tyrosine, tryptophan, aspartate, and 
glutamate, and the other (transaminase B) reactions between isoleucine, 
valine, leucine, norleucine, norvaline, and glutamate. 

3. Preparations of an isoleucineless FE. coli mutant which did not respond 
to d-a-keto-8-methylvalerate, and which exhibited a secondary growth re- 
quirement for valine, alanine, or a-aminobutyrate, were unable to trans- 
aminate isoleucine or valine with glutamate, aspartate, and a number of 
amino acids. The enzymatic deficiency of this mutant corresponded to a 
loss of transaminase B. An explanation of the growth phenomena in 
terms of the enzymatic findings is presented. 

4. The presence of a valine-alanine (or a-aminobutyrate) transaminase 
was demonstrated in preparations of the mutant and wild strains. The 
occurrence of other transamination reactions not involving dicarboxylic 
amino or keto acids is suggested by the present study. 


The authors wish to thank Dr. Bernard D. Davis for the cultures of 
EF. coli used in this study, and for his valuable advice. 
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The oxidation of histamine to imidazoleacetic acid has been observed in 
rats (1) as well as with purified enzyme preparations (2). Imidazoleacetic 
acid has also been found in bacterial cultures when histidine was included 
in the medium (3). However, the significance of imidazoleacetic acid as a 
metabolic derivative of histamine under normal physiological conditions 
was questioned in experiments in which C-labeled histamine was given to 
rats and guinea pigs in minute doses. In these studies imidazoleacetic 
acid could not be identified in the urine, where the bulk of the radioactivity 
was found (4). 

The apparent discrepancy between these results could be explained by 
assuming that large doses of histamine could be oxidized to imidazoleacetic 
acid through a reaction which does not occur when small doses are given. 
An alternative explanation is that histamine is oxidized to imidazoleacetic 
acid even when given in small doses, but that the small amounts of imid- 
azoleacetic acid thus formed are metabolized further and are not excreted 
as such. 

The following experiments were undertaken in an attempt to distinguish 
between these two possibilities, and the results obtained clearly demon- 
strate the conversion by the intact rat of small doses of histamine to imid- 
azoleacetic acid. 


Methods 


Histamine, labeled with C™ in the C-2 position of the imidazole ring, 
and imidazoleacetic acid (unlabeled) were synthesized as described previ- 
ously (5, 1). Imidazoleacetic acid was isolated from rat urine by the use 
of ion exchange chromatography, acetone crystallization, and sublimation, 
essentially as reported previously (1). Radioactivity measurements were 


* Supported in part by a contract with the United States Atomic Energy Com- 
mission. 
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made in a windowless, flow type counter (6). Approximately 300 y of 
imidazoleacetic acid were plated directly. All samples were counted at a 
level at least 10 times the background. 


EXPERIMENTAL 


C'+-labeled histamine and non-isotopic imidazoleacetic acid were injected 
together intraperitoneally into six rats. Each rat, weighing approximately 
200 gm., was given 10 ml. of a solution containing 237 uM of imidazoleacetic 
acid hydrochloride and 0.105 um of C-labeled histamine dihydrochloride 
(23,200 c.p.m.). The solution was adjusted to pH 7 with sodium bicar- 
bonate and made isotonic by the addition of 970 um of sodium chloride for 
each 10 ml. In all, a total of 1.42 mm of imidazoleacetic acid and 0.63 
uM of histamine (139,000 c.p.m.) was administered to the six rats. 

The urines were collected for the 18 hours following the injection. Sul- 
furic acid was added to the collecting tubes to prevent bacterial contamina- 
tion. The pooled urines contained approximately 1 mM of imidazoleacetic 
acid as determined colorimetrically (1). By the procedures described pre- 
viously (1), imidazoleacetic acid hydrochloride was isolated by chroma- 
tography with Dowex 1 and Dowex 50, and was found to have a specific 
activity of 34.4 e.p.m. per um. The imidazoleacetic acid hydrochloride 
was converted to imidazoleacetic acid and recrystallized from water by 
addition of acetone. The specific activity was 39.1 ¢.p.m. per um. Upon 
sublimation of this material in vacuo, the crystalline product had the same 
specific activity. 


DISCUSSION 


If all of the administered isotopic histamine had been converted to 
imidazoleacetic acid and this had equilibrated with the injected imidazole- 
acetic acid, the specific activity of the isolated imidazoleacetic acid would 
have been 139,000/1420, or 97.8 ¢.p.m. per uM. The isolation of this com- 
pound with a specific activity of 39.1 can be most conservatively inter- 
preted as indicating a conversion of 40 per cent of the labeled histamine to 
imidazoleacetic acid. However, many factors may have contributed to 
prevent the complete equilibration assumed in the above calculation. 
Among these are the probability that a portion of the administered imid- 
azoleacetic acid is excreted before much of the labeled histamine is oxidized, 
the possibility that intracellular oxidation leaves the labeled imidazoleacetic 
acid in a site favorable for further metabolism without equilibration with 
extracellular imidazoleacetic acid, and the possibility that imidazoleacetic 
acid and histamine are distributed differently among various organs and 
body fluids. In addition, previous studies have shown that part of the 
histamine administered to the rat may also be excreted as free histamine 
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and acetylhistamine (4, 7). With a dose of C'-histamine similar to that 
ysed in the present experiment, approximately 15 per cent of the radio- 
activity was excreted as histamine plus acetylhistamine (4). 

These results demonstrate the oxidation to imidazoleacetic acid to be a 
major pathway in histamine metabolism. The most likely enzymatic 
mechanism for this conversion is the combined action of diamine oxidase 
(2, 8) and an aldehyde oxidase or dehydrogenase, as previously described 
(2). Since small amounts of imidazoleacetic acid administered to rats 
cannot be detected in the urine (1) and since small amounts of histamine 
given alone do not give rise to excreted imidazoleacetic acid (4), it is ap- 
parent that this compound is an intermediate, not a final, product of 
histamine metabolism. 


SUMMARY 


Previous studies had shown imidazoleacetic acid to be excreted when 
large doses of histamine were administered to rats, but not after small 
doses. In this paper, isotope-trapping experiments have been reported, 
in which microgram quantities of C'-histamine were given to rats. At 
least 40 per cent of the isotope was accounted for as imidazoleacetic acid. 
These results indicate that imidazoleacetic acid is an intermediate in a 
major pathway of histamine metabolism. 
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A TRANSPEPTIDATION REACTION BETWEEN GLUTATHIONE 
AND ARGININE* 


By JIN H. KINOSHITA anp ERIC G. BALL 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, August 21, 1952) 


The observations to be described here arose during an investigation of 
the formation of glycocyamine in kidney extracts from arginine and glycine. 
During the course of the purification of the enzyme catalyzing this reaction 
it was found that sulfhydryl groups were essential to its activity, and 
glutathione was therefore added to stabilize it (1). This led to the chance 
observation that when arginine and glutathione were incubated with a 
kidney extract they gave rise to a compound reacting like glycocyamine in 
the Sakaguchi test. An investigation of this reaction led to the discovery 
that the compound formed was y-glutamylarginine. The reaction leading 
to its formation is therefore to be classed as a transpeptidation and is of 
the type first described by Hanes et al. (2, 3). The identification of the 
y-peptide and some observations on the enzymatic reactions involved in 
its formation are described here. 


EXPERIMENTAL 


The reaction is run in a graduated 20 ml. test-tube containing 20 um 
each of arginine and glutathione, both adjusted to pH 9.0, the enzyme 
preparation (3 mg., dry weight), and enough (usually 2.0 ml.) 0.1 m borate 
buffer, pH 9.0, to make the total volume 4.0 ml. The mixture is incubated © 
at 38° forl hour. The rate of the reaction is the same in air as in nitrogen. 
The reaction is then stopped by the addition of 0.2 ml. of 15 per cent 
trichloroacetic acid. After the proteins are coagulated, 0.2 ml. of 0.5 N 
NaOH is added to raise the pH above 5. The mixture is diluted to the 
20 ml. mark with water and filtered. A 5 ml. aliquot is passed through a 
column of Permutit of the type described by Dubnoff and Borsook (4) in 
order to remove unchanged arginine and is collected in a 10 ml. graduated 
test-tube. The column is then washed with 5 ml. of 0.3 per cent NaCl and 
the volume of the effluent adjusted to the 10 ml. mark. A column of 
Amberlite ITR-100H on the sodium cycle can also be used to remove the 


*This work was supported in part by funds received from the Eugene Higgins 
Trust through Harvard University. A preliminary report of this work has appeared 
(Federation Proc., 10, 208 (1951)) and it also appears in more detail in the thesis sub- 
mitted by J. H. Kinoshita December 1, 1951, to Harvard University in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 
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arginine (5). The quantitative estimation of the compound formed is de- 
termined by application of the Sakaguchi color test (6) to a 5 ml. aliquot 
of the effluent. Arginine solutions of known concentration are assayed 
simultaneously and used as the standard of reference. The assumption is 
made that the product of the reaction yields the same intensity of color 
per micromole as does arginine. The readings are made on a Klett-Sum- 
merson colorimeter with a Wratten No. 54 filter. 

Preparation of Enzyme—The reaction between arginine and glutathione 
may be observed in crude kidney homogenates. Quantitative studies of 
this reaction by means of the Sakaguchi reagent on such a kidney prepara- 
tion are, however, inaccurate because of the formation of some glycocy- 
amine due to liberation of glycine from glutathione. The experiments to 
be described here have therefore been performed on a purified enzyme 
preparation which no longer possesses the ability to form glycocyamine 
from added arginine and glycine. 

Fresh beef kidneys obtained from a local slaughter-house were used as 
the source of enzyme. The kidneys were freed of connective tissue and 
fat and the cortex, which contains the enzyme, was separated from the 
medulla. The cortex was minced and then homogenized in a Waring 
blendor for 2 minutes with 3 volumes of 0.05 m Na,HPO,;. The homog- 
enate was centrifuged and the precipitate discarded. The above steps 
were carried out at room temperature. The extract was then chilled in an 
ice bath and mixed with an equal volume of chilled 0.1 mM acetate buffer, 
pH 4.7, with thorough stirring. The mixture was centrifuged at 5° and 
the precipitate discarded. To the supernatant at —5° chilled 80 per cent 
ethanol was slowly added with stirring until an alcohol concentration of 20 
per cent was attained. The mixture was allowed to stand for 30 minutes 
at —5° and then centrifuged at this temperature. The precipitate con- 
taining the enzyme was dried by lyophilization. The powder so obtained 
may be stored in the cold without loss of activity for several months. 
Further purification is effected by dissolving the dry preparation in a 
volume of water one-third that of the original homogenate. 1 volume of 
ammonium sulfate solution saturated at room temperature was then added 
to 2 volumes of the enzyme solution. The precipitate containing the 
enzyme was separated by centrifugation and taken up in a volume of water 
one-sixth that of the original kidney extract. The resulting preparation is 
free of the enzyme which catalyzes the formation of guanidoacetic acid 
from arginine and glycine. Its activity per unit dry weight is about 10 
times that of kidney cortex. 


Results 


In early studies with crude kidney homogenates it was possible to show 
by means of paper chromatography that the product of the reaction was 
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not glycocyamine. With phenol saturated with water as the solvent, the 
product possessed an Rr value about one-half that of glycocyamine, and, 
unlike glycocyamine, it reacted with the ninhydrin as well as with the 
Sakaguchi reagent. Paper chromatography has also been used to isolate 
and identify the compound. For such purposes the effluent from the 
column used to remove the arginine was lyophilized. The compound was 
then extracted from the salt residue with hot methanol. The methanol 
extract was then dried in vacuo and the residue dissolved in water. This 
solution was applied to Whatman filter paper No. 1 and phenol saturated 
with water allowed to ascend the paper for 24 hours. On some occasions 
the chromatogram jar also contained a flask holding a 1 per cent sodium 
cyanide solution, and when more basic conditions were required an addi- 
tional flask with 0.3 per cent NH; was added. The position of compounds 
on the paper at the end of the run was most readily detected by spraying 
with a 2 per cent ninhydrin solution in butanol saturated with water. If 
a compound reacting with ninhydrin was also suspected to contain a guan- 
idine grouping, then the spot was cut out and eluted with 5 ml. of water. 
This eluate was then extracted with 2 ml. of benzaldehyde to remove the 
colored ninhydrin complex and the Sakaguchi test applied to the colorless 
aqueous layer. 

The reaction product was isolated in 10 to 20 mg. quantities by large 
scale paper chromatography. The compound, after its location on a strip 
of the paper, was cut out and eluted with water. It was then submitted 
to hydrolysis in 6 Nn HCl in a sealed tube at 110° for 14 hours. The neu- 
tralized hydrolysate was then chromatographed and two compounds react- 
ing with ninhydrin were now found to be present. As shown in Table I, 
the Rr values of these compounds agreed well with those for known sam- 
ples of arginine and glutamic acid run simultaneously. The unhydrolyzed 
reaction product was also chromatographed for comparison at the same 
time and its Ry values are given in Table I. These results indicated that 
the reaction product is a dipeptide composed of glutamic acid and arginine. 

In order to establish the sequence of amino acids in the dipeptide, use 
was made of Sanger’s reagent, dinitrofluorobenzene (DNFB). A sample 
of the peptide isolated chromatographically was converted to its dinitro- 
phenyl (DNP) derivative according to the directions given by Sanger (7). 
The DNP peptide was then subjected to hydrolysis for 2 hours at 110° 
with 2 n HCl and the neutralized products submitted to paper chroma- 
tography with phenol as the solvent in the presence of NH;. Ninhydrin 
revealed a highly colored spot in a position corresponding to arginine 
(Rr 0.88) and a barely detectable one in the position occupied by glutamic 
acid (Ry 0.17). This indicates that it is the glutamic acid portion of the 
peptide which has reacted with DNFB through its amino group and that 
we are dealing with a glutamylarginine peptide. Further support for this 
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interpretation is given by the fact that extraction of the hydrolysate with 
ether removes all the yellow DNP amino acid. The DNP derivative of 
arginine is not ether-extractable from acid solutions. The ether extract 
containing the DNP derivative was chromatographed on paper with phenol 
saturated with water in the presence of NaCN and ammonia. The vellow 
component migrated to a position corresponding to DNP glutamic acid 
(Rr 0.50) rather than DNP arginine (R ¢ 0.95). 

Though identification by chromatography is now an accepted procedure, 
it seemed worth while to attempt a confirmation of the results by classical 


TABLE | 
Rp Values of Peptide and Its Hydrolysis Products 


RF in phenol-water with NaCN 
Without NHs With 0.3 per cent 
0.21 | 0.18 


TABLE II 
Nitrogen Analyses on Isolated Peptide 


Total N, per cent in a-NHe-N, per cent of total, Guanidine N, or cent of 
id N total 


peptide 
Preparation No. 


| Found Calculated Found | Calculated Found ~~ Calculated 
| 

| 

| | 


1 a 23.1 20.8 20.0 62.0 60.0 
2 a’ 23.1 21.2 20.0 63.1 60.0 
3 15.5 2.1 | 20.0 61.5 60.0 
4 23.1 | 20.9 20.0 63.8 60.0 


analytical procedures. Four separate preparations of the peptide were 
isolated and submitted to analysis. Total nitrogen was determined by an 
acid digestion procedure with nesslerization of the ammonium formed. 
Guanidine N was determined by the Sakaguchi test with arginine as a 
standard. a-Amino nitrogen was determined by the Van Slyke ninhydrin 
CO, method (8). The results are shown in Table II. Preparations | and 
2 were obtained by chromatographic isolation of the peptide on paper with 
elution by water. The low values for total nitrogen of these two prepara- 
tions, as compared to the theoretical, suggested that they contained non- 
nitrogenous impurities. Preparation 3, obtained in the same manner, was 
therefore submitted to further purification. The eluate from the filter 
paper was dried in vacuo and the residue extracted with methanol. Ether 
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was slowly added to the methanol extract at —5° and the precipitated 
material dried and analyzed. ‘The total N value of this third preparation 
was 67 per cent of theoretical. A fourth preparation was therefore isolated 
by use of an ion exchange column according to the directions of Moore and 
Stein (9). Dowex 50 (200 to 400 mesh) was used on the sodium cycle. 
The resin column which was 30 cm. high was contained in a glass tubing 
0.9 cm. in diameter. The reaction mixture, containing about 150 unm of 
peptide, was poured on the column at pH 2.5. The column was washed 
with 250 ml. of 0.02 m acetate buffer, pH 4.0. Then 0.10 m phosphate 
buffer, pH 6.0, was used as the eluting fluid. Samples of the eluent were 
checked for reaction with the Sakaguchi reagents and then by paper chro- 
matography. ‘The fraction which revealed only the presence of the glu- 
tamylarginine peptide was collected, dried by lyophilization, and then 
extracted with hot methanol. The methanol extract was concentrated 
and the peptide precipitated by the addition of ether. This precipitate 
was dissolved in methanol again and reprecipitated with ether. By this 
procedure 18 mg. of peptide material were isolated. The total nitrogen of 
this preparation was 86 per cent of the theoretical for glutamylarginine. 

In all four preparations there is good agreement between found and 
theoretical values for the percentage of total nitrogen accountable for as 
a-amino N and as guanidine N. ‘These analytical values therefore lend 
support to the conclusion that glutamylarginine is the product formed. 
The a-amino N values are proof that the peptide possesses the y-glutamy] 
linkage. 

The effect of varying the concentrations of glutathione and arginine upon 
the rate of the reaction is shown in Fig. 1. Under the conditions employed 
here, it is seen that an optimum rate is achieved when the final concentra- 
tion of both participants in the reaction is approximately 0.005 m. Excess 
glutathione appears to inhibit the reaction slightly. A similar inhibition 
by excess substrate was reported by Binkley and Olson (10) in their studies 
on the hydrolysis of glutathione. 

The effect of pH upon the reaction when both substrates are present in 
optimum concentration is shown in Fig. 2. The optimum pH lies close to 
9.0. Such an alkaline pH optimum fits well with the hypothesis advanced 
by Fruton (11) for the type of mechanism involved in such transfer reac- 
tions. The shape of this curve is very similar to that given by Binkley and 
Olson (10) for the effect of pH on the hydrolysis of glutathione in the 
presence of glutamine. 

The time-course of the reaction under optimum conditions of pH and 
substrate concentration is presented in Fig. 3. The amount of enzyme 
employed in this experiment is roughly one-half that used for the experi- 
ments in Figs. 1 and 2. About 25 per cent of the glutathione and arginine 
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MOLES/LITER pH 
Fic. 1. Effect of varying the substrate concentrations on the rate of peptide for- 
mation. The reaction was run in 0.05 m borate buffer, pH 9.0. The temperature 
was 38°, and the duration of the reaction was 1 hour. In each case 3 mg. dry weight 
of enzyme wasemployed. X, arginine concentration varied, glutathione concentra- 
tion 0.005 Mm; O, glutathione concentration varied, arginine concentration 0.005 M. 
Fic. 2. The effect of pH on the rate of peptide formation. The pH was main- 
tained by the use of phosphate buffer in the range of 6.0 to 8.5 and by the use of 
borate buffer in the range of 8.5 to 9.5. In all cases, the final concentration of buffer 
was 0.05 m. The pH values plotted are those measured by means of a glass electrode 
on the reaction mixture at room temperature at the end of the incubation period. 
Arginine and glutathione were present in a final concentration of 0.005 mM. All other 
conditions were as given for the data presented in Fig. 1. 
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Fic. 3. The time-course of the reaction. All experimental conditions were as 
given for the data presented in Fig. 1, except that the incubation time was varied as 
shown and in each case 1.5 mg. dry weight of enzyme, 20 um of arginine, and 20 pM 
of glutathione were present. 
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is seen to have reacted within a period of 4 hours. Further incubation 
after this time results in a slow progressive decrease in glutamylarginine 
concentration. We believe this is due either to its hydrolysis or to its 
participation in further transpeptidation reactions with amino acids re- 
leased by hydrolysis of glutathione. 

The enzyme catalyzes the transpeptidation reaction only when a y-glu- 
tamy! peptide is present as one of the substrates. No reaction was ob- 
served between arginine and the following cosubstrates: glutamic acid, 
glutamine, a-glutamylglutamic acid, and isoglutathione. We are indebted 
to Dr. V. du Vigneaud for a sample of the last compound. The enzyme 
also failed to catalyze a reaction between arginine and a sample of £- 
aspartyltyrosine, kindly furnished by Dr. P. Wilcox. Glutathione can be 
replaced by its oxidized form or by y-glutamylglycine. Work now in 
progress indicates that arginine may be replaced by other amino acids. 

The distribution of the enzyme in various rat tissues was studied. Ho- 
mogenates of the whole tissue in 5 volumes of 0.05 Mm Na,zHPO, were em- 
ployed. The enzyme was present in kidney and pancreas. Brain, liver, 
spleen, and heart muscle displayed no enzymatic activity. 


DISCUSSION 


Evidence has recently been accumulating to show that enzymes long 
known for their ability to catalyze the hydrolytic cleavage of peptide bonds 
may also catalyze group transfer reactions. Outstanding in this direction 
is the work of Fruton and his coworkers (11-14) who have shown that 
chymotrypsin, papain, and cathepsins catalyze not only the transfer of 
aminoacyl groups from one amide linkage to another, but also the reversible 
transfer of aminoacyl groups from amide to true peptide linkage. Among 
the other evidence that may be cited along this line are the formation of 
peptides from esters of methionine and threonine by the catalytic action of 
chymotrypsin (15) and the production of lysyllysine from lysyltyrosyllysine 
in the presence of trypsin and chymotrypsin (16). Indeed, the possibility 
that all enzymes which catalyze a hydrolytic reaction may also catalyze a 
transfer reaction must be considered in view of the work on phosphatases 
(17, 18). 

There thus arises the question of the identity of the enzyme catalyzing 
the reaction described here with glutathionase, the enzyme which splits 
glutathione into glutamic acid and cysteinylglycine (10). A comparison of 
the properties of this peptidase as reported by Binkley and Olson (10) and 
by Schroeder and Woodward (19) with the enzymatic properties reported 
here is of interest. Both enzymatic activities seem to be limited to kidney 
and pancreas. Increasing concentrations of glutathione inhibit both the 
hydrolysis of glutathione and the formation of y-glutamylarginine. Oxi- 
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dized and reduced glutathione are equally effective as substrates in both 
types of reactions. The shape of the pH-activity curve is very similar in 
both cases. There is thus presumptive evidence to indicate that one en- 
zyme is responsible for both types of activity. 

The possible réle of the enzyme or enzymes catalyzing the transpeptida- 
tion reaction remains obscure. To the best of our knowledge, the presence 
of the y-glutamyl] linkage in proteins has not been demonstrated. From 
the fact that the enzyme catalyzing this specific reaction has a limited 
distribution in tissue, it is difficult to believe that it plays an important 
role in general protein synthesis. 

We are of the opinion that the enzymatic reaction we have reported here 
is the same as that studied by Hanes et al. (2, 3). Work now in progress 
shows that other amino acids can replace arginine as a cosubstrate with 
glutathione. It is also possible to replace glutathione with y-glutamyl- 
glycine. The use of this dipeptide in place of glutathione permits us to 
correlate hydrolysis and transpeptidation activities readily as the enzyme 
is purified. There is, however, one point in which our findings differ from 
those of Hanes et al. (3). These workers report that proline and arginine 
do not participate readily in the reaction. We have not used proline, but 
arginine has served as the substrate on which all the observations reported 
in this paper are based. We are not ableto explain this difference in results 
at this time. 


SUMMARY 


Glutathione and arginine in the presence of a kidney cortex extract have 
been found to interact to yield y-glutamylarginine. This dipeptide has 
been separated from the reaction mixture by means of paper chromatog- 
raphy. Its hydrolytic products have been identified as arginine and glu- 
tamic acid. Use of dinitrofluorobenzene and analyses for total nitrogen, 
amino nitrogen, and guanidine nitrogen served to establish the identity of 
this peptide as y-glutamylarginine. 

The enzyme catalyzing the reaction has been found only in kidney and 
pancreas. Its optimum pH lies at about 9.0. The time-course and opti- 
mum substrate concentrations of the reaction have been studied. Glu- 
tathione may be replaced by its oxidized form or by y-glutamylglycine, 
but not by isoglutathione, glutamine, glutamic acid, or 8-aspartyltyrosine. 
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INTERACTION OF EGG ALBUMIN AND PEPSIN* 


By DORIS 8. YASNOFF ann HENRY B. BULLt 


(From the Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, July 7, 1952) 


The interaction between enzymes and their substrates to form inter- 
mediate complexes has long been of interest. We have found that when 
pepsin and egg albumin are mixed in solution at about pH 4 a precipitate 
forms. The influence of protein and of ion concentrations on the amount 
of precipitate so formed has been studied. It has been found that the 
precipitate dissolves at higher ionic concentrations and this has given us 
the opportunity of applying the light-scattering technique to solutions of 
the dissolved complex between egg albumin and pepsin. From this study 
we have been able to calculate the association constant of the two proteins 
as well as to make a rough estimate of the initial rate of digestion of egg 
albumin by pepsin at pH 4.0. 


Methods 


Crystalline egg albumin was prepared from fresh hen’s eggs by the 
method of Kekwick and Cannan (1). It was exhaustively dialyzed against 
distilled water and the concentration determined by dry weight. Crystal- 
line pepsin was prepared by the alcohol method of Northrop (2). An 
additional lot of crystalline pepsin was obtained from Armour and Com- 
pany and used without further purification. The concentration of pepsin 
was determined by the micro-Kjeldah| method. 

The complex was precipitated as follows: 2 ml. of a pepsin solution con- 
taining 4.8 mg. of pepsin (0.70 mg. of total protein nitrogen) were added 
to 16 ml. of egg albumin solution of the desired concentration. The result- 
ing solution was brought to the desired pH by the addition of dilute sulfuric 
acid or of dilute hydrochloric acid and made up to 20 ml. with water. 
There was no difference in the quantity of the precipitate if pepsin solution 
was added before or after adjustment of the pH. Precipitation of the 
complexes occurred immediately, but the solutions were allowed to stand 
| hour at room temperature before being filtered. The total nitrogen of 
5 ml. aliquots of the filtrates was determined by the micro-Kjeldahl method. 


* From a thesis submitted by D. 8. Yasnoff to the Graduate School of North- 
western University in partial fulfilment of the requirement for the degree of Doctor 
of Philosophy, June, 1952. 

t Present address, Department of Biochemistry, State University of Iowa, Iowa 
City, Iowa. 
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The light-scattering photometer (Phoenix Precision Instrument Com. 
pany) is designed to measure absolute turbidity by the “‘working standard 
method.” In this method, the turbidity, r, is related to the galvanometer 
deflection, G, obtained at angles of 90° and of 0° with respect to the incident 
beam, according to the equation 


RG 
Ge 


The proportionality constant, R, was determined from Equation 22 of 
Brice et al. (3) by information provided by the manufacturers. 

The molecular weight, 7, is given by the relation 

wc | 
+ 2BC (2) 
where C is the solute concentration in gm. per ml., B is an interaction 
constant, and H is a constant for a particular system and is given by 
— 
where N is Avogadro’s number, n and ny the indices of refraction of solution 
and solvent, respectively, and A the wave-length of light in air. As is 
evident from Equation 2, extrapolation of the function HC,r to infinite 
dilution yields the reciprocal of the molecular weight, which is a weight 
average value. 

Solutions of known concentrations of protein and buffer were filtered 
directly into scrupulously clean square glass cells through Berkefeld or 
Selas filters. A dipping refractometer was used to determine the refractive 
index increments of the various protein solutions. The buffer used in the 
light-scattering work consisted of 0.1 mM sodium-acetate buffer plus 0.05 » 
sodium chloride to yield an ionic strength of 0.15 and pH 4.0. Under 
these conditions, the egg albumin-pepsin complexes are soluble. 

For egg albumin alone, 7 has the value of 0.954 kK 10-° em.* per gm, 
for pepsin alone 1.050 K 10-° cm.* per gm.*, and for equimolecular mixtures 
of egg albumin and pepsin // is equal to 0.924 K 10-° em. per gm... These 
values were calculated from specific refractive index increments obtained 
from the best straight line relating refractive indices and protein concen- 
trations for every concentration of solution used. The wave-length of 
the scattered light was 4370 A. 

The least square line relating HC,/r and C yielded a molecular weight 
for egg albumin of 45,200, with a probable error of 1700. This value 
compares favorably with those reported in the literature. The correspond- 
ing value for pepsin was 37,600, with a probable error of 4400, which is 
also consistent with the values reported in the literature for this protein. 


T = 
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Results 


Fig. | shows the amount of total nitrogen in the precipitate as a function 
of the amount of egg albumin present at several pH values, the pH being 
adjusted with sulfuric acid and the amount of pepsin being held constant 
(0.70 mg. of total pepsin nitrogen). 

Fig. 2 shows the effect of the variation of pH in the presence of various 
salts at ionic strengths of 4 X 10~* on the amount of precipitated complex 
formed. Also contrasted is the influence of hydrochloric acid and of sul- 
furic acid alone; 2.54 mg. of egg albumin and 4.8 mg. of pepsin were used. 


MG. TOTAL PRECIPITATE NITROGEN 


MG. TOTAL EGG ALBUMIN NITROGEN 


Fic. 1. Plot of total nitrogen in precipitate against mg. of total egg albumin 
nitrogen added to total pepsin nitrogen of 0.70 mg. pH adjusted with H,SO,. 


No free sulfhydry! could be detected in the precipitated complex with 
the sodium nitroprusside test as modified by Shinohara and Kilpatrick 
(4) and the pepsin retained its enzymatic activity. We are, therefore, not 
dealing with precipitation of denatured protein. 

It was found that the turbidity of the dissolved complex formed from an 
equimolecular mixture of egg albumin and pepsin decreased linearly with 
time up to 5 hours. Such turbidity plots are shown in Fig. 3 for various 
total protein concentrations. The slopes of these lines were measured as 
well as their intercepts at zero time. The HC/r values obtained by extra- 
polation to zero time have been plotted against total protein concentration 
and are shown in Fig. 4. The curve is extrapolated to zero protein concen- 
tration to an HC/r value corresponding to the weight average molecular 
weight of an equimolecular mixture of pepsin and egg albumin without 
interaction, 
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The logarithms of the slopes of the lines in Fig. 3 were plotted against 


the logarithms of the initial egg albumin concentrations to obtain a slope 
of 2. This plot is shown in Fig. 5. The equation for this line is 


d 
log (-F x W') = log 0.036 + 2 log [Ey X 10°] (4) 


where [| is the molar egg albumin concentration. 


MG. TOTAL PRECIPITATE NITROGEN 


i 35 ' 46 i 
Fic. 2. Variation of mg. of total nitrogen in precipitate with pH. OA mg. of 
total egg albumin nitrogen added to 0.7 mg. of total pepsin nitrogen. Salts at 
ionic strength of 4 
Eliminating logarithms from Equation 4, we have 
dr 
= 0.036 Xx (5) 


Since [£9] = [Po], Equation 5 can be written 


d 
= 0.036 X 10°(E,]| (6) 
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TIME IN HOURS 
Fic. 3. Light-seattering turbidity as a function of time for equimolecular mix- 
tures of egg albumin and pepsin; pH 4.0, ionic strength 0.15. 


PROTEIN CONCENTRATION G/CC x 109 


Fic. 4. Reduced intensity-concentration for equimolecular mixtures of egg albu- 
min and pepsin; pH 4.0, ionic strength 0.15 at zero time. 
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DISCUSSION 


‘ss shown in Fig. 1, the maximum precipitation of the egg albumin-pep- 
sin complex is reached at approximately equal molar concentrations of 
these two proteins. With the addition of more egg albumin and con- 
stant amount of pepsin, less and less precipitate forms, until at about 29 
mg. of egg albumin total nitrogen and at pH 4 no precipitate at all occurs, 


LOG MOLES/CcC 
Loe x 10°] or Loe[P,x 10°] 


Fic. 5. Logarithm of initial rate of decrease of turbidity of equimolecular mix- 
tures of egg albumin and pepsin, pH 4.0, ionic strength 0.15, and room temperature, 
with time as a function of the logarithm of initial egg albumin or of initial pepsin 
molar concentration. 


X 10%) 


LOG (- 


(This is not shown in Fig. 1.) It has been found that the precipitate is 
also soluble in large excess of pepsin at pH 4. 

As can be seen from Fig. 2, the amount of precipitate formed is very 
much dependent on the pH, and this dependence is modified by the pres- 
ence of dilute salts. It is probable that electrostatic interaction is of great 
importance in the formation of the precipitated complexes between egg 
albumin and pepsin. From the titration curves of egg albumin (5) and 
of pepsin (6), it is evident that the net negative charge on the pepsin 
molecule is very nearly equivalent to the net positive charge on the egg 
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albumin molecule in the pH range 3.6 to 4. From these considerations 
and from the results shown in Fig. 1, it is probable that in the maximum 
precipitation zone the precipitated complex consists of equal molar ratios 
of egg albumin and of pepsin joined together by electrostatic interaction. 
The non-specific nature of this interaction is also indicated by the great 
rapidity with which the precipitate forms. 

The nature of the complex is still further illuminated by the light- 
scattering studies. It is evident from Fig. 4 that HC/r is not a linear 
function of the total protein concentration. Indeed, since the two pro- 
teins react to form complexes, linearity is not to be expected. At higher 
total protein concentrations, undoubtedly complexes of the type (/P), 
and perhaps also (£,P,), will form. As the total protein concentration 
approaches zero, the only complex in significant quantity will be the mono- 
meric, equimolecular complex (EP), provided the forces leading to the 
formation of the higher complexes are of the same sort as give rise to the 
initial complex (EP). This assumption appears reasonable and permits 
us to continue our analysis. With this assumption, we can write the 
association constant for the (FP) constant as 


_ (EP) 
[E)[P) 
The total concentration in gm. per ml. of all the protein species as the 

concentration approaches zero will then be 
C = + [P|Mp + [EP|Mgp (8) 


where [£}, [P|], and [LP] are expressed in moles per ml. and Wx, Mp, and 
M ep are the molecular weights of egg albumin, of pepsin, and of the first 
egg albumin-pepsin complex. The weight average molecular weight of 
the protein species is then 


- C (9) 


K (7) 


M 


Combining Equations 7, 8, and 9 and using the condition that [F] is equa] 
to [P], we obtain 


2M eM eM p — Mep(Megp — M)) 


K 
CM gp(Megp — 


(10) 


Differentiating Equation 10 with respect to the variables VW and C, we 


obtain 
dc \M M?| 2MgMp + 2KC(Mgp — M) (1) 


The initial slope of the curve in Fig. 4 is the initial rate of change of 
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HC/r with concentration and reflects the rate of change of the reciprocal 
of the weight average molecular weight with concentration. This initial 
slope is estimated to be —0.43 X 10-? and the weight average molecular 
weight approaches 41,400 as the protein concentration approaches zero. 
The molecular weight of the first complex, M gp, is the sum of the molecu- 
lar weights of egg albumin and of pepsin, or 82,800. By substituting these 
values in Equation 11 and setting C equals zero and solving for A, the 
association constant of the first complex has the value 1.46 x 10’ ml. 
per mole. Bull and Currie (7), from a conventional kinetic study of the 
rate of digestion of egg albumin by pepsin over the pH range 1.3 to 2.8 
and by the application of a modified Michaelis-Menten treatment, found 
an association constant of 0.14 & 10’ ml. per mole. The difference be- 
tween the present result and that of Bull and Currie may arise from a 
partial failure of theory, or it is possible that the association constant 
between egg albumin and pepsin at pH 4 is significantly larger than it is 
in the neighborhood of pH 2. 

The molar interaction constant of a mixture of two high molecular weight 
components is given by Stockmayer and Stanley (8) as 

B (M; + M;)? 


B;; = — — 12 
4 MiM; ee; (12) 


when the two components are mixed in an equimolar ratio. B is the 
constant defined in Equation 2; 1/7; and M ; are the two molecular weights, 
and ¢e; and e; are the two index of refraction increments. ;; is the index 
of refraction increment of the mixture of the two components. ‘The inter- 
action constant of egg albumin with itself turns out to be 0.91 & 10~‘ ml. 
mole per gm.? and —0.62 K 10-* ml. mole per gm.? for pepsin alone. ‘The 
theoretical value of B;; for an equimolecular mixture of egg albumin and 
pepsin (if they did not associate) would be —0.70 &K 10-4 ml. mole per 
gm.”. The actual value of B;; for the equimolecular mixture of these two 
proteins is —25.67 * 10-4 ml. mole per gm.’, reflecting the large inter- 
active forces between these proteins. The relation between the interaction 
constant, B;;, and the association constant, A, turns out to be 


(13) 
16 M ee; 


— Bi; 


From Equation 6, the initial rate of decrease of turbidity with time is 
proportional to the first power of the initial egg albumin and of the initial 
pepsin concentrations. Solving Equation 2 for 7, the turbidity, we have 


HCM (14) 


T 


~ 1 + 2BCM 


> 
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Differentiating Equation 14 with respect to r and M and dividing by dd, 
there results, for a given protein concentration, 


d 
uc| (15) 


dt (1 + 2BCM)? | dt 


The digestion reaction mechanism may be described as 
E+ P= (EP) — P + 


where (LP) represents the intermediate complexes, A; the peptides formed 
by digestion, and n; the number of moles of A; formed. The weight aver- 
age molecular weight of the mixture of peptides, complexes, and proteins 
becomes 


M = (E)M,g* + (P)Mp* + ((EP))M gp? + a? (16) 


Taking the derivative of /, in respect to time, yields 


CdM P} d{(EP)} Ax] 


(17) 


We have no present knowledge of how [(/P)], [P], or [A;] changes with 
time. We can make the tentative assumption that the change of the 
weight average molecular weight of the reaction mixture is due principally 
to the change in the amount of egg albumin resulting from peptic digestion. 
On the basis of this simplification, Equation 17 becomes 

dM M,* 


(18) 


Substituting Equation 18 in Equation 15, there results 


dr 1 E} 


Substituting Equation 19 in Equation 6 and taking the limiting value as 
time approaches zero give 


0.036 X Po] 


dt 1 
al + 


By using an average value of 1/(1 + 2BC.M)? of 1.14 and substituting the 
known values in Equation 20, we find the initial velocity of the reaction 
at unit molar concentrations of pepsin and of egg albumin to be 1.68 
X 10° ml. per mole hour or 0.47 liter per mole second. This value is to be 
compared with the value of 2.0 liters per mole second predicted by the 
use of the kinetic equation of Bull and Currie (7) extrapolated to pH 4.0. 


(20) 
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SUMMARY 


1. It has been shown that egg albumin and pepsin when mixed in the 
pH range 3.1 to 4.2 form a precipitate which is not denatured protein. 

2. The amount of precipitate depends on the ratio of the concentrations 
of the two proteins, the optimum ratio corresponding approximately to a 
1:1 molar ratio. The amount of precipitate also depends upon the pH 
and the salt concentration, the precipitate dissolving at higher salt concen- 
trations. 

3. The light-scattering properties of the soluble egg albumin and pepsin 
complex at pH 4.0 and at an ionic strength of 0.15 have been studied. 

4. The association constant of the monomeric complex between egg 
albumin and pepsin has been calculated to be 1.46 & 107 ml. per mole at 
pH 4.0. 

5. The velocity constant of the digestion of egg albumin by pepsin 
has been estimated on the basis of tentative assumptions from light-scatter- 
ing measurements to be about 0.47 liter per mole second at pH 4. 
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National Institutes of Health, United States Public Health Service. It 
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THE PREPARATION AND PROPERTIES OF LUMIEQUILIN* 


By SIDNEY M. HESS ann DANIEL BANES 


(From the Divisions of Pharmaceutical Chemistry and Pharmacology, Food and Drug 
Administration, Federal Security Agency, Washington, D. C.) 


(Received for publication, August 14, 1952) 


Butenandt and his collaborators (1) showed that the irradiation of natu- 
ral 17-ketosteroids with light of wave-length 313 my caused an inversion at 
C8, producing isomeric ketosteroids with a cis C-D ring fusion. Dioxane 
solutions of estrone were exposed to ultraviolet light, and lumiestrone 
(13-isoestrone) was isolated from the resulting mixtures (2). In compar- 
ing the properties of estrone and lumiestrone, McGovern and Carol (3) 
found that the flow rates of the two steroids in alkali-benzene chromato- 
graphic systems were almost identical, but that their difference in behavior 
toward ketone reagents, first noted and utilized by Butenandt et al. (1), 
could be utilized for their complete separation. We have subjected equilin 
to ultraviolet irradiation, followed by chromatographic partition and treat- 
ment with Girard’s Reagent T and have obtained a new ketosteroid, 13- 
isoequilin. In conformity with the nomenclature suggested by Butenandt 
(4) we shall refer to this substance as “lumiequilin.” 

Solutions of equilin in dioxane or methanol were irradiated with ultra- 
violet light for 20 to 60 minutes. After evaporation of the solvent the 
residue was dissolved in benzene. This solution was subjected to partition 
chromatography on alkali-Celite columns, essentially according to the pro- 
cedure of Haenni ef al. (5). A part of the product (7 to 30 per cent) (see 
Table I) was recovered as a variable series of bands eluted in the forerun of 
the chromatogram, and a further portion was comprised of mixed sub- 
stances more acidic than equilenin. Equilenin, formed by the dehydro- 
genation of equilin, was obtained in 3 to 5 per cent yield, mixed with 
similar proportions of /-isoequilenin. Since equilenin was not isomerized 
by irradiation (6), it appeared that /-isoequilenin was present as the de- 
hydrogenation product of some equilin isomer. 

Those fractions of the chromatogram containing equilin and phenols of 
similar acidity were evaporated, and the residue was treated with 1.5 times 
its weight of Girard’s Reagent T in hot acetic acid. Both the ketonic and 
“non-ketonic” portions were further treated with Girard’s Reagent T. 
The most actively ketonic fraction consisted of equilin. Repeated crys- 


* This paper is based upon a dissertation presented by Sidney M. Hess to the De- 
partment of Chemistry, Georgetown University, in partial fulfilment of the require- 
ments for the Degree of Doctor of Philosophy. 
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tallization of the “most non-ketonic”’ fraction yielded a new substance 
(white elongated platelets, m.p. 208-209°; [a];° = +113°, 0.5 per cent in 
ethanol). The difference in molecular rotation between this substance 
and equilin was the same as the difference between lumiestrone and estrone. 
Like lumiestrone, the new steroid produced only negligible colors when 
treated with Zimmermann’s reagent (7) or with modified Kober’s reagent 
(8). 

The ultraviolet absorption spectrum of the new steroid was identical 
with that of estrone and equilin. It therefore possessed the same funda- 
mental phenolic grouping and substituents in ring A with no conjugated 
double bond in ring B or C. But the formation of /-isoequilenin in high 
yield upon heating an alcoholic solution of the substance with palladium 
at 55° indicated that the fourth double bond required by the elementary 
analysis was present in ring B. (This reaction also provided evidence for 
the @ orientation of the angular methyl group.) Such an isolated ethylenic 
bond could occur only between carbon atoms 7 and 8, since the alternative 
positions of a double bond in ring B would lead to a conjugated system. 
The behavior of the new steroid toward 2 ,6-dibromoquinonechloroimide 
(BQC) tended to confirm this conclusion. When equilin and its 17-dihy- 
dro derivatives were treated with BQC in weakly acidic media, they yielded 
colored pigments both before and after esterification (9); steroids with 
naphtholic A-B rings yielded pigments only when the phenolic group was 
free. Since the esters of estrone, 6-dehydroestrone, 8-dehydroestrone, and 
9-dehydroestrone yielded no colors, it was inferred that the chromogenic 
activity of the equilin type ester was due to the quinoid structure conferred 
upon ring B by the ethylenic bond between carbon atoms 7 and 8 and the 
benzenoid structure of ring A. Both the new steroid and its benzenesul- 
fonate formed colored products with BQC having approximately the same 
intensity and hue as those given by equilin. 

The benzenesulfonate of the new steroid separated as columnar crystals 
from ethanol and melted at 130°. Its infra-red absorption spectrum in 
carbon disulfide exhibited a strong carbonyl band at 5.75 u, demonstrating 
that the original ketonic function of equilin had remained intact despite 
the failure of the lumi compound to react with Girard’s Reagent T. The 
spectrum resembled that of equilin benzenesulfonate strongly, the major 
peaks between 10.60 and 11.00 u being shifted toward shorter wave-lengths 
(Fig. 1). 

Considering the mode of preparation and isolation of the new ketosteroid, 
its ready dehydrogenation to /-isoequilenin, its behavior toward Girard’s 
Reagent T, BQC, Kober’s reagent, and Zimmermann’s reagent, and its 
ultraviolet and infra-red absorption properties, we concluded that our prod- 
uct was 13-isoequilin. 
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Equilin has been isomerized by treatment with acid into A*- and A?-iso- 
equilins (8). 
lumiequilin also would be shifted by acid into positions of conjugation. 


When heated with hydrochloric and acetic acids, lumiequilin produced 


practically quantitative yields of a single crystalline substance (large, thin 


It was anticipated that the isolated double bond in ring B of 


plates from ethanol; m.p. 231-232°; [a];’ = —233° in ethanol). From the 
A 
8 
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WAVELENGTH IN MICRONS 
Fig. 1. Infra-red absorption spectra of lumiequilin benzenesulfonate (A) and 
equilin benzenesulfonate (B), 10 mg. per ml. of CS:. 


nature of its ultraviolet absorption spectrum this product could be charac- 
terized as an 8-dehydroestrone. But it was not the enantiomorph of the 
supposed 8-dehydro-14-isoestrone previously reported (rhomboid platelets; 
m.p. 232-233°; [al?? = +142°) (8). 

Through the courtesy of Dr. K. Miescher of the Ciba Laboratories in 
Switzerland, we were able to obtain a sample of pure synthetic dl-8-dehy- 
droisoestrone acetate, and to measure its infra-red absorption spectrum. 
The acetate of our levorotatory substance duplicated that spectrum exactly 
(Fig. 2). It was thus finally established that the ketosteroid was 8-dehy- 
dro-13-isoestrone. The infra-red absorption spectrum of the presumed 
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8-dehydro-14-isoestrone acetate showed slight deviations from that of dl-8. 
dehydroisoestrone acetate. It seemed apparent that the ‘‘8-dehydro-14- 
isoestrone”’ previously described was either an isomer of that substance or 
a mixture containing it. Further investigations demonstrating the accu- 
racy of the latter alternative will be reported elsewhere. 


EXPERIMENTAL 
Irradiation of Equilin—Equilin (100 mg.) was dissolved in 20 ml. of 
purified dioxane or methanol in a quartz test-tube, 15 K 150 mm. The 
tube was stoppered loosely and irradiated for 20 to 60 minutes with a 360 
watt General Electric Uviare lamp whose radiation output showed max- 
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Fig. 2. Infra-red absorption spectrum of dl-8-dehydroisoestrone acetate and of 
8-dehydro-13-isoestrone acetate, 10 mg. per ml. of CS». 


imum peaks at 3654 and 2652 A. The test-tube, which was suspended 
parallel to the lamp at a distance of 10 cm., was kept approximately at 
room temperature by directing a slow stream of water down its side. 

The irradiated solution was evaporated in a strong stream of nitrogen on 
a water bath, and the last trace of solvent was removed under reduced 
pressure. The residue was dissolved in 2 to 3 ml. of benzene by warming 
the tube, and several drops of tertiary amy! alcohol were added if required. 
The concentrated solution was then quantitatively transferred to a chro- 
matographic column prepared essentially according to the directions of 
Haenni et al. (5) except that nN sodium hydroxide was used as the immobile 
solvent. 10 ml. fractions were collected in test-tubes, and the solvent 
evaporated. The regions of concentrations of the eluted solute were easily 
distinguished by comparison of the residues in the tubes arranged in order. 
There was eluted with the first 75 ml. of benzene a neutral or weakly phe- 
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nolic fraction consisting of variable complex mixture (see Table I for yields). 
The next 200 ml. of solvent contained equilin and related substances, and 
the equilenin fraction was found in the next 225 ml. of solvent. The column 
was then extruded, acidified with sulfuric acid, and extracted three times 
with ether. After washing the combined ether extracts once with water, 
the solvent was evaporated to yield the strongly acidic fraction. Further 
chromatographic investigation of this fraction on buffered phosphate col- 
umns showed it to be a multicomponent mixture. 

Isolation of Equilin and Lumiequilin—To a test-tube containing 25 mg. 
of the dried equilin fraction was added 1 ml. of glacial acetic acid, and the 
mixture was warmed to accelerate solution of the solid. Girard’s Reagent 


TABLE I[ 
Fractions Obtained in Irradiation of Equilin 


Methanol solution 


Dioxane 
Fractions collected solution, 
20 min. | 40 min. 60 min. 
per cont | percent | percent | percent 
Neutral or weakly phenolic .......... 7 15 19 28 
fraction..................: 54 63 45 37 
“Equilenin’’ fraction. ............... 7 6 8 6 
Crude isoequilenin................... | 3 3 4 | 3 
14 14 13 14 


T (87 mg.) was added, and the mixture separated into “ketonic” and ‘‘non- 
ketonic” portions according to the procedure employed by Carol and Ro- 
tondaro (10). Each portion was then mixed with 1.5 times its weight of 
Girard’s Reagent T, and again subjected to the partition procedure. 

The most actively ketonic and the final ‘‘non-ketonic” fractions were 
separately chromatographed on Celite-N sodium hydroxide columns, with 
benzene as the mobile solvent, and fractions were separated as previously 
described. Equilin and traces of equilenin were obtained in the chromato- 
gram of the most actively ketonic fraction; the ‘‘non-ketonic” fraction 
yielded crude lumiequilin and /-isoequilenin. Equilin was identified by 
means of its melting point! (237°), its optical rotation (+320°), its behavior 
toward BQC and Kober’s reagent, and its ultraviolet and infra-red absorp- 
tion properties. 

' All melting points were determined on a Fisher-Johns melting point apparatus 
and are uncorrected. 
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Identification of d-Equilenin and I-Isoequilenin—The equilenin fractions 
were treated with 1.5 times their weight of Girard’s Reagent T, and the 
separated ketonic and “‘non-ketonic”’ portions chromatographed separately, 
The ketonic portion yielded a mixture consisting chiefly of d-equilenin 
(a, = +72°, but infra-red and ultraviolet absorption characteristics were 
practically identical with those of pure d-equilenin of optical rotation 
+89°). The ‘“non-ketonic” fraction similarly yielded a mixture consisting 
chiefly of l-isoequilenin (a, = —100°, but infra-red and ultraviolet ab- 
sorption properties were practically identical with those of authentic d- 
isoequilenin of optical rotation +157°). 

Lumiequilin—Crude lumiequilin (100 mg.) was recrystallized from 60 
per cent ethanol and 68 mg. of white elongated platelets were recovered, 
[a]?? = +112° (0.5 per cent in ethanol). A second crystallization from 80 
per cent ethanol yielded 59 mg. of white elongated platelets with an optical 
rotation of +113° (0.5 per cent in ethanol). A portion of these crystals 
(20 mg.) was finally recrystallized from absolute methanol with a recovery 
of 14.5 mg. of white elongated prisms, m.p. 208—209°. 


CisH2oO2. Calculated, C 80.55, H 7.52; found, C 80.87, H 7.46 


The ultraviolet absorption spectrum of lumiequilin was identical with 
that of equilin, having a sharp peak at 281 my (molecular absorbancy 
= 2070) and a shoulder at 287 my, with a minimum at 250 mu. No color 
was produced when this compound was treated with the iron-Kober reagent 
(8), in contrast to equilin, which developed a deep blue color. With 
2 ,6-dibromoquinonechloroimide reagent (9) 250 y of lumiequilin produced 
a red color about four-fifths the intensity of that due to equilin. Lumi- 
equilin benzenesulfonate produced a red-violet pigment when treated with 
BQC (max. = 545 my). : 

Lumiequilin Benzenesulfonate—Lumiequilin (15.7 mg.) was mixed with 
2 ml. of dry pyridine and 0.2 ml. of redistilled benzenesulfonyl chloride in 
a 5 ml. glass-stoppered tube and allowed to stand overnight at room 
temperature. The mixture was diluted with water and extracted with 
chloroform. After evaporation of the solvent, the oily residue (22 mg.) 
was taken up in 0.2 ml. of benzene and 0.8 ml. of isooctane, and the benzene 
slowly removed by evaporation with the aid of a gentle stream of air. The 
long columnar crystals that formed were separated by centrifuging the 
cooled, benzene-free solution and washed once with 0.1 ml. of isooctane. 
The crude compound (13.4 mg.) was recrystallized from 80 per cent and 
then from 90 per cent ethanol to yield 10.0 mg. of light tan columnar 
crystals, m.p. 129.5—130.5°. 


C2,H2,0,8. Calculated, C 70.56, H 5.92; found, C 70.54, H 5.95 
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The infra-red absorption spectrum of this substance in carbon disulfide 
is shown in Fig. 1. 

Dehydrogenation of Lumiequilin—Lumiequilin (15 mg.) was dissolved in 
7.5 ml. of absolute ethanol and added to a tube containing 30 mg. of 
palladium black prepared according to Tausz and von Putnoky (11). Ni- 
trogen saturated with absolute ethanol was bubbled through the solution 
30 minutes and the tube was tightly stoppered. The solution was heated 
at 55° for 24 hours with constant mixing. After the solvent had been 
completely removed, the residue was dissolved in 4 ml. of a solution made 
of equal parts of benzene and tertiary amy! alcohol, and chromatographed 
onan 8 X 240 mm. column made of Celite and N sodium hydroxide with 
200 ml. of benzene as the eluent. About 13 mg. of crude l-isoequilenin 
were recovered. It was recrystallized from 80 per cent ethanol and dried 
for 68 hours over phosphorus pentoxide at 4 mm. pressure. Yield, 9.8 mg. 
of columnar crystals; m.p. 251-252°; [a]?? = —155° (0.2 per cent in eth- 
anol). Butenandt et al. (2) have reported an optical rotation of —151° in 
dioxane for /-isoequilenin and a melting point of 257—258°. The ultra- 
violet absorption spectrum of the recovered compound exhibited all of the 
peaks characteristic of d-isoequilenin (8), and the infra-red spectrum of its 
benzenesulfonyl ester agreed identically with the spectrum of d-isoequilenin 
benzenesulfonate. 

Acid Isomerization of Lumiequilin—Lumiequilin (18 mg.) was mixed with 
12 ml. of glacial acetic acid and 3 ml. of concentrated hydrochloric acid in 
a glass-stoppered test-tube, and the mixture heated at 100° for 60 minutes. 
The solution was cooled and washed into a separatory funnel with 80 ml. 
of water. The aqueous mixture was extracted with two 40 ml. portions of 
benzene, and the latter washed successively with several portions of 10 per 
cent sodium carbonate and water. <A portion of the benzene solution was 
evaporated, the residue was dissolved in ethanol, and the ultraviolet ab- 
sorption spectrum determined. The spectrum so obtained indicated that 
the product was the 8-dehydro derivative of one of the estrone isomers. 
(Under these conditions equilin produces a mixture containing about 40 
per cent 8-dehydro- and 60 per cent 9-dehydroestrones. ) 

The remainder of the benzene solution was evaporated to 2 to 3 ml. and 
chromatographed on a column of 20 gm. of Celite and 20 ml. of N sodium 
hydroxide, with 300 ml. of benzene as the mobile solvent. The first 100 
ml. of eluted solvent contained only trace quantities of solid; the second 
100 ml. of solvent yielded 16 mg. of white crystals on evaporation; and the 
third 100 ml. of eluate contained only traces of equilenin-like compounds. 
No 9-dehydroestrone isomerization product was detected. 

The solid eluted (16 mg.) was recrystallized from methanol to yield 11 
mg. of white crystals, m.p. 231-232°; [a]? = —233° (0.2 per cent in 
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ethanol); maximum molecular absorbancy 16,000 at 275 my, minimum at 
237 mu. The ultraviolet spectrum was identical with that reported for 
8-dehydro-14-isoestrone (8), but no color was generated when 50 y of this 
compound were treated with the iron-Kober reagent. The infra-red curve 
of the benzenesulfonyl ester was similar to but not identical with that 
reported for the 8-dehydro-14-isoestrone derivative (8). The infra-red ab- 
sorption spectrum of the acetyl ester matched exactly the spectrum of 
synthetic dl-8-dehydroisoestrone acetate (Fig. 2). 


SUMMARY 


Lumiequilin (13-isoequilin) has been prepared by the ultraviolet irradia. 
tion of equilin. Like lumiestrone, the new ketosteroid does not react 
readily with Girard’s Reagent T and produces no color in the Kober and 
Zimmermann tests, but it resembles equilin in its behavior toward dibromo- 
quinonechloroimide reagent. Lumiequilin is easily dehydrogenated to I- 
isoequilenin, and it is smoothly converted to 8-dehydro-13-isoestrone by 
heating with acetic-hydrochloric acid mixture. 


The authors wish to express their appreciation for the valuable advice 
and encouragement rendered by Jonas Carol, of this laboratory, throughout 
the course of the investigation. 
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THE METABOLISM OF a-C'-HISTIDINE IN THE INTACT RAT 
I. RADIOACTIVITY IN AMINO ACIDS FROM PROTEIN 


By GEORGE WOLF 


(From the Radiocarbon Laboratory and the Division of Animal Nutrition, University 
of Illinois, Urbana, Illinois) 


(Received for publication, August 11, 1952) 


The studies of Edlbacher (1) and many other investigators on the break- 
down of histidine by liver extracts and other isolated systems would lead 
one to expect glutamic acid to be the principal primary metabolite of 
histidine in vivo. To explain this conversion, Edlbacher proposed a scheme 
whereby the imidazole ring of histidine is cleaved, to give the 5-carbon 
skeleton of glutamic acid directly. Other investigators, e.g. Oyamada (2), 
proposed a radically different mechanism, involving formation of urocanic 
acid as the first step and its subsequent cleavage to glutamic acid, the 
amino nitrogen of which is derived from the ring nitrogen of histidine. 
That the latter mechanism was operative in isolated systems (e.g. Pseu- 
domonas fluorescens extract) was shown with N® and ring C"*-labeled histi- 
dine by Tabor et al. (3). Working with intact animals, Crookshank and 
Clowdus (4) and D’Iorio and Bouthillier (5), by the use of normal and of 
earboxyl-labeled histidine, obtained results which seemed to indicate that 
histidine is not transformed to glutamic acid. 

To shed some light on this apparent discrepancy, histidine was synthe- 
sized with a comparatively high level of radioactivity in the a-carbon. 
Glutamic acid, isolated from the protein of a rat dosed with the labeled 
compound, was found to be strongly radioactive. ‘The radioactive glu- 
tamic acid was partially degraded to demonstrate that the a-carbon of 
histidine becomes the y-carbon of glutamic acid. 


EXPERIMENTAL 


Radioactivity Measurements—All of the compounds listed in Tables I to 
V were burned to carbon dioxide in a Pregl microcombustion apparatus. 
The gas was collected in traps cooled with liquid nitrogen, the amount 
measured manometrically (thus giving a measure of the carbon content of 
the compounds analyzed to within an accuracy of +0.3 per cent), and then 
transferred to an ionization chamber. The radioactivity of the gas in 
the chamber was then measured with a vibrating reed electrometer (6). 

acetamidocyanoacetate (obtained from 
Tracerlab, Inc.) (170.2 mg. or 1 mM) was condensed with chloromethyl- 
imidazole hydrochloride by the method of Bouthillier and D’Iorio (7) 
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to give a-C'*-ethyl a-acetamido-a-cyano-8-imidazolepropionate. The lat. 
ter compound was hydrolyzed, without prior isolation, by refluxing with 
15 per cent sulfuric acid (10 ml.) for 12 hours. Upon cooling, the solution 
was poured into a suspension of barium hydroxide (7 gm.) in water (15 ml.), 
The alkaline suspension was filtered, the precipitate washed with water, 
and the filtrate and washings treated with solid ammonium carbonate unti] 
all the barium was precipitated. The filtered solution was then boiled to 
decompose the excess carbonate and evaporated to dryness under reduced 
pressure. The oily residue was suspended in boiling absolute alcohol (3 
ml.) and water added dropwise until solution was just complete. Absolute 
alcohol was then added to the hot solution until precipitation just began. 
Upon cooling, histidine crystallized and was recrystallized in a similar 
manner to constant specific activity, m.p. 271-272°, specific activity 429 
uc. per mM, yield 104 mg. or 67 per cent. Specific activity of the dimercury 
derivative, 431 we. per mm. Purity was further proved by the presence 
of one spot only, corresponding to histidine, in paper chromatography 
and radioautography. 

Isolation Methods—Rat I (male albino, 129 gm.) and Rat II (male albino, 
126 gm.) were each injected intraperitoneally with a-C"-p.L-histidine (27.5 
mg.) dissolved in saline (2 ml.) and placed in separate glass metabolism 
cages. Expired carbon dioxide was collected in alkali at regular intervals, 
precipitated as barium carbonate, and analyzed for radioactivity. Urine 
and feces were also collected. After 4 hours, Rat I was stunned by a blow 
on the head, killed by decapitation, and bled. Abdominal and thoracic 
viscera (17.5 gm.) were combined, cleaned, homogenized with 25 ml. of a 
10 per cent trichloroacetic acid solution, and filtered. The protein pre- 
cipitate was suspended for 12 hours in 10 per cent trichloroacetic acid 
solution, then in acetone, and finally in ether, yielding dry protein (2.30 
gm.). The carcass was treated in the same manner (22.72 gm. of protein). 
Radioactivity measurements were made on aliquots of visceral and carcass 
protein, the trichloroacetic acid filtrates (‘‘non-protein fractions’’), and the 
acetone-ether extracts (‘‘fat-soluble fractions’), as well as urine and feces. 

Rat IIT was killed 24 hours after injection. Apart from radioactivity 
data on the expired carbon dioxide, it will not be dealt with in this paper. 

The visceral protein of Rat I was hydrolyzed for 12 hours with 6 N 
hydrochloric acid (25 ml.) in the presence of carrier quantities of normal 
glutamic and aspartic acids, histidine, and proline. After thorough re- 
moval of the hydrochloric acid under reduced pressure and charcoal de- 
colorization, the solution was passed through a column of Amberlite IR-45 
resin. Glutamic and aspartic acids were adsorbed by the resin, whereas all 
other amino acids passed through the column (Eluate A). The acidic 

amino acids were then obtained from the resin by elution with dilute hy- 
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drochloric acid. Glutamic acid hydrochloride crystallized from a solution 
in concentrated hydrochloric acid. Aspartic acid was precipitated as the 
copper salt. Radioactivity measurements were carried out on the free 
acids as well as their phenylhydantoin derivatives (prepared by treatment 
of the amino acids in alkaline solution with phenyl isocyanate, removal of 
excess phenylurea by filtration, and acidification of the filtrate). 

Arginine and lysine were removed from Eluate A by passage over a 
column of Amberlite IRC-50 resin previously buffered to pH 7 (8). The 
eluate from this column (Eluate B) was passed through a column of Am- 
berlite IRC-50 resin previously buffered to pH 4.7. Histidine was ad- 
sorbed by this resin, whereas the neutral amino acids passed through 
(Eluate C). Histidine was obtained from the column by extrusion, suspen- 
sion in water, and treatment with dilute sodium hydroxide until the pH of 
the suspension reached 8.5. The resin was then removed by filtration, and 
the filtrate concentrated. Histidine crystallized upon addition of ethanol. 
Its diflavianate was prepared for radioactivity measurements. 

Eluate C was concentrated to dryness under reduced pressure and made 
up to 10 ml. with hydrochloric acid (0.25 Nn), and proline was precipitated 
as the rhodanilate by the method of Bergmann (9). The amino acid was 
liberated with pyridine, recrystallized from alcohol by slow addition of 
ether, and analyzed for radioactivity. Its phenylhydantoin derivative 
(m.p. 143°) was prepared from phenyl isocyanate in the manner described 
above. 

Degradation Experiments—Glutamic acid can be converted to succinic 
acid by oxidation with sodium dichromate in sulfuric acid (10). Toa solu- 
tion of glutamic acid (147.1 mg. or 1 mm), dissolved in water (0.75 ml.) 
and concentrated sulfuric acid (0.3 ml.), was added a solution of sodium 
dichromate (355 mg.) in water (0.6 ml.). The solution was heated on the 
steam bath for 8 hours, cooled, diluted to 20 ml. with water, and continu- 
ously extracted with ether for 12 hours. The extract was evaporated to 
dryness, and the residue dissolved in acetic anhydride (5 ml.) and heated 
on the steam bath for 30 minutes (to destroy small quantities of oxalic 
acid formed in the oxidation). Water was added to convert the acetic 
anhydride to acetic acid, and the solution evaporated to dryness under 
reduced pressure. The residue was sublimed at atmospheric pressure at 
200-235° (to destroy small quantities of malonic acid). The sublimate, 
consisting of succinic anhydride, was converted to succinic acid by solution 
in water. The latter was crystallized from ethanol by gradual addition of 
benzene; m.p. 184°, yield 102 mg. or 87 per cent. 

To check the validity of the method, glutamic acid labeled in the a- 
and y-carboxyls with known levels of radioactivity was oxidized to succinic 
acid as described. 
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The succinic acid was pyrolyzed to barium carbonate (derived from the 
carboxyl groups) by the method of Kushner and Weinhouse (11). [t was 
found necessary to alter their method in the following way: It was essentia! 
to spread out the barium succinate in a thin layer on the walls of the py- 
rolysis tube. Heating had to be applied for 2 hours at 600°. Yields of 
barium carbonate varied between 65 and 70 per cent. Carbon dioxide 
was liberated from the barium carbonate with perchloric acid. ‘The gas 
was collected and its volume and radioactivity were measured as already 
described. 

Aspartic acid was degraded by heating it in a buffered solution with 
ninhydrin (12). The carbon dioxide liberated from both carboxy! groups 
was collected for radioactivity measurements in the usual manner. 


RESULTS AND DISCUSSION 


Gross Metabolism—The values obtained for expired carbon dioxide over 
24 hours are given in Table I. As might be expected, the excretion of 
radioactivity as carbon dioxide was considerably less than in the case of 
carboxyl-labeled histidine (5). Table II shows the distribution of radio- 
activity in various tissue constituents. It can be seen that in the first 4 
hours incorporation of radioactivity in the viscera is much higher per gm. 
of protein than in the carcass. 

Paper chromatography revealed that histidine is the principal radio- 
active constituent of urine, presumably as the p isomer (13). The amounts 
of radioactive histamine in urine and the non-protein visceral fraction were 
found to be exceedingly small. Details of these and further experiments 
with urine and non-protein fractions will be reported in a future publica- 
tion. 

Amino Acids from Visceral Protein—As would be expected, the most 
highly labeled amino acid in visceral protein is histidine (Table IIT). How- 
ever, the percentage found (6.3 per cent) contrasts with that given by 
Borsook et al. (14), who report that 38.3 per cent of the radioactivity of 
injected histidine becomes incorporated in visceral protein within 4 hours. 
It should be mentioned, however, that these investigators had not isolated 
the amino acid from the protein, and, besides, their experimental anima! 
and conditions were different. 

That glutamic acid is derived from histidine and is clearly an important 
metabolic product thereof can be seen from Table III. It is second in 
activity only to histidine. The low activity reported by D’lorio and 
Bouthillier (5) in glutamic acid may be ascribed to the low activity in 
their injected histidine. The comparatively higher level of radioactivity 
found in their proline-hydroxyproline and arginine fractions was not ob- 
served in the present experiment. Visceral proline was found to contain 


ver’ 

argi 

alm 

cen 

Ti 

col 

| 

| 4he 
Vise 
Car 
Vis 
Car 
Vis 
Ca 

Uri 

Fee 
anc 

acl 

In 

fo 
arg 

acl 


.G. WOLF 641 


very little activity; proline isoldted from the urine contained none. The 
arginine-lysine fraction obtained from the visceral protein hydrolysate was 
almost inactive. In fact, the four amino acids isolated represent 83.7 per 
cent of the total activity of the visceral protein. 


TABLE I 
Radioactivity in Expired Carbon Dioride 
The dose injected into each rat was 69.3 ue.; specific activity, 429 we. per mM. 


Rat I | Rat Il 
collection P ‘fi P S ‘fi Activity, | Per cent 
Activity | “of dose | activity | Activity | ofdose | activity | cumulative |, °F dose, 
| | | 
hrs. | pc. | uc. per me pe. | | me. per uc. 
4 | 8.64 | 12.5 | 0.260 | 8.50 | 12.3 | 0.250 | : 
s | ' 3.30 | 4.8 | 0.085 | 11.80 | 17.1 
12 | 1.13 1.6 | 0.029 | 12.93 | 18.7 
18 1.08 1.5 0.014 | 14.01 20.2 
24 0.52 0.7 0.009 14.53 20.9 


Taste II 
Gross Metabolism (Rat I) 
Dose injected, 69.3 we.; specific activity, 429 ue. per mm; duration of experiment, 
4 hours. 


Fraction | Activity | Per cent of dose 
| 
Visceral protein*........ 6.56 | 9.7 
Visceral non-protein. ..... Seats | | 1.66 2.4 
Carcass ital 4.50 6.5 
Visceral fat-soluble. . | 0.62 0.9 
Carcass 0.80 1.2 
Urine __. 15.70 22.7 
Feces 0.05 0.1 


* Includes abdominal and thoracic viscera (2.30 gm. dry weight). 
+ Includes the rest of the animal except blood (22.72 gm. dry weight). 


It is of interest to compare these results with those of Sallach, Koeppe, 
and Rose (15), who found that 27 hours after injection of labeled glutamic 
acid proline and arginine were more highly labeled than glutamic acid. , 
In the present work, after only 4 hours, it appears that glutamic acid, 
formed from histidine, had not yet been transformed into proline and 
arginine. Clearly, the time factor plays a decisive réle as to which amino 
acid will be found labeled. 
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Degradation Experiments—a ,y-Carboxyl-labeled glutamic acid of known 
radioactivity was used to test the validity of the degradation method. As 


Taste Ill 
Amino Acids from Visceral Protein of Rat I 
Dose injected, 69.3 we. ; specific activity, 429 we. per mm; duration of experiment 
4 hours. 


Calculated Total 


ADenoune Amount of Specific activity specific ‘activity of P 


Amino acid and derivative present® ones of 
amino acid) proteint 
me. me. we. per mu pe. per mae pe. 
Histidine 34.6 483.0 | 0.7740 (11.6801 4.340 6.3 
diflavianate 0.7520 
Glutamie acid 337.0 0.1675 0.5010, 0.954 
phenyl- 0.1631 | 
hydantoin derivative | 
Aspartic acid 95.4 | 210.6 | 0.0404 (0.1285 0.1538 0.2 
hydantoin derivative | 
Proline 64.5 621.0 42.0 0.0456 0.0426 
phenylhydan- 43.2 X | 


toin derivative 


* The amount of amino acids present in the aliquot of visceral protein (1.38 gm.) 
was taken from published values of Block and Bolling (17). For the microbiological 
estimation of proline, the author is indebted to Dr. L. M. Henderson. 

+t This refers to combined abdominal and thoracic visceral protein (dry weight 
2.30 gm.). 


Tasrie IV 
Degradation of a,y-Labeled Glutamic Acid of Known Radioactivity 


Specific activity 


por mu xX 


Glutamic acid, known value 24.2 
a-Carboxyl, known value*... | 7.1 
>y-Carboxy], calculated value | 17.1 
Succinic acid, from glutamic acid 17.2 
(CO. from carboxyl of succinic acid) K 2 16.6 


_ 


* The author is indebted to Dr. W. C. Rose for permission to use this result. 


can be seen from Table IV, the method whereby glutamic acid is oxidized 
to succinic acid with dichromate by removal of the a-carboxyl appears to 
be valid. The value of the specific activity of the succinic acid obtained 
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agrees well with the known value of the specific activity of the whole glu- 
tamic acid minus that of the a-carboxyl. The pyrolysis of succinic acid 
by the method of Kushner and Weinhouse (11) is known to yield barium 
carbonate, the carbon of which is derived solely from the carboxyl groups 
of the succinic acid. The specific activity obtained for the barium car- 
bonate in the present case was indeed found to be in agreement with the 
known value of the y-carboxyl of glutamic acid (Table IV). 

The results obtained for the degradation of the glutamic acid isolated 
from visceral protein are listed in Table V. It can be clearly seen that, 
within the limits of experimental error, there was no loss in radioactivity 
upon removal of the a-carboxyl of glutamic acid. Within the duration 
of the experiment therefore (4 hours), no carbon dioxide had become incor- 


Taste V 
Degradation of Glutamic and Aspartic Acids from Visceral Protein 
Specific activities refer to the samples diluted with carrier (see Table III). 


Specific activity 


pe. perme 


Glutamic acid......__. 167.5 
Succinie acid, from glutamic acid ae 164.0 
(CO; from carboxy! of succinic acid) K 2... 43.2 (26.3%) 
Methylene carbons of succinic acid, calculated | 120.8 (73.7%) 
Aspartic acid... 40.4 
(CO, from carboxy! of aspartic acid) K 2. 10.7 (26.5%) 
Methylene carbons of aspartic acid, calculated _.. 29.7 (73.5%) 


porated in the a-carboxyl of a-ketoglutaric acid, with which glutamic acid 
is in equilibrium, although highly active carbon dioxide was present in the 
organism. 

The results of the degradation of the succinic acid are shown in Table V. 
It can be seen that 26.3 per cent of the activity resided in the carboxyls of 
succinic acid and 73.7 per cent in the methylene carbons. The breakdown 
scheme for histidine suggested by Edlbacher (1) would require the activity 
of the a-carbon of histidine to appear in the a-carbon of glutamic acid, 
which would, upon oxidation, become a carboxy! group of succinic acid. 
On the other hand, the work of Tabor et al. (3) with isolated systems has 
shown urocanic acid to be an intermediate between histidine and glutamic 
acid, the ring nitrogen of histidine becoming the a-nitrogen of glutamic 
acid. Hence, the a-carbon of histidine would then appear as the y-carbon 
of glutamic acid. The latter, upon oxidation of glutamic acid, becomes a 
methylene carbon of succinic acid. Since, in the present investigation, 
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the main portion of activity (73.7 per cent) was found in the methylene 
carbons of succinic acid, these results lend support to the scheme elaborated 
by Tabor et al. (3). 


CH CH 
Y 
Wx 
NHe 
L- HISTIDINE UROCANIC ACID 
NHe 
L-GLUTAMIC ACID SUCCINIC ACID 
We 
—+ COOH—C"H—CHe—COOH 


L-ASPARTIC ACID 


The residue of activity (26.3 per cent) in the carboxyls of the succinic 
acid is derived from either the y-carboxy! or the a-carbon of glutamic acid. 
Labeling in the a-carbon would arise through passage through the Krebs 
cycle of the y-carbon-labeled ketoglutaric acid, originally formed from his- 
tidine via glutamic acid. habeling in the y-carboxyl would arise through 
incorporation of radioactive carbon dioxide into pyruvic acid to give car- 
boxyl-labeled oxalacetic acid. Both possibilities are compatible with the 
results obtained on the degradation of aspartic acid. As may be seen from 
Table V, the distribution of radioactivity in aspartic acid is the same as in 
the succinic acid obtained by oxidation of glutamic acid: 26.5 per cent in 
the carboxyl and 73.5 per cent in the methylene groups. This merely 
confirms the well known fact that glutamic acid is in equilibrium with 
aspartic acid, via ketoglutaric, succinic, and oxalacetic acids. 

Whether the residual activity of the glutamic acid is in the a-carbon, 
due to recycling, or the y-carboxyl, due to carbon dioxide incorporation, 
the 8-carboxyl of oxalacetic acid would in either case be labeled. This 
raises the interesting point of the absence of radioactivity in the a-carboxy! 
of glutamic acid. Since the symmetrical molecule of citric acid is an inter- 
mediate between oxalacetic and ketoglutaric acids, the labeling in the 8- 
carboxyl of oxalacetic acid should become equally distributed between the 
a- and the y-carboxyls of ketoglutaric (and hence glutamic) acid. The 
absence of labeling in the a-carboxy] found in the present experiment con- 
firms the work of Wilcox, Heidelberger, and Potter (16) in vitro, who dem- 
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onstrated an unsymmetrical reaction of citrie acid in the formation of 
ketoglutaric acid. 


SUMMARY 


|. a-C-pL-Histidine was synthesized. 

2. Histidine, glutamic and aspartic acids, and proline were isolated from 
a rat dosed with radioactive histidine. Significant activity was found in 
histidine, glutamic acid, and aspartic acid, decreasing in that order. 

3. Degradation of glutamic acid revealed no activity in the a-carboxyl, 
some activity in the a-carbon or y-carboxyl (or both), and the main portion 
of activity in the 8-carbon or y-carbon (or both). 

4. Degradation of aspartic acid revealed a distribution of radioactivity 
parallel to that in glutamic acid. 

5. The implications of these findings regarding the mechanism of the 
breakdown of histidine are discussed. 


The author is greatly indebted to Dr. R. F. Nystrom for his generous 
help and advice in all phases of this work, but especially in the measure- 
ment of radioactivity, and to Dr. W. C. Rose for his gift of labeled glutamic 


acid. 
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STUDIES WITH METHIONINE SULFOXIMINE* 


By JAY 8. ROTH, ARTHUR WASE, ann HERBERT J. EICHEL 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College and Hospital, Philadelphia, Pennsylvania) 


(Received for publication, August 18, 1952) 


Methionine sulfoximine (MSI) was identified by three groups of investi- 
gators (1-3) as the toxic factor in nitrogen trichloride-treated wheat gluten. 
This drug has been shown to be toxic to several species of mammals (1, 4) 
and to microorganisms (5, 6). Although non-toxic to humans, it causes 
convulsions in rats, dogs, rabbits, and monkeys when given at the proper 
dose levels. Since the physiological and biochemical mechanisms involved 
in convulsions are little understood, MSI is of interest, as it provides a tool 
for studying the changes leading to, and culminating in, convulsive seizures. 

Structurally, MSI bears a close resemblance to methionine and gluta- 
mine, and it has been suggested that MSI may act as a metabolic antago- 
nist to either, or both, of these compounds. In this regard it has been 
shown that the convulsions produced in rabbits and dogs (4, 7) may be 
delayed or suppressed by feeding excess methionine. In addition, inhibi- 
tion of the growth of Leuconostoc mesenteroides (5, 6, 8) may be reversed 
by extra methionine as well as glutamine. 

Studies concerning the action of MSI on animal enzyme systems, partic- 
ularly those of brain, have been receiving increasing attention. McLen- 
nan and Elliott (9) observed that MSI accelerated synthesis of acetylcho- 
line in brain slices and supplemented cell-free brain extracts at 1 mM 
concentration, but inhibited 50 per cent at 5 mM concentration. Monahan 
and Lalanne (10) found a progressive decrease in serum cholinesterase and 
progressive increase in circulating acetylcholine following the appearance 
of symptoms of toxicity in dogs. Gershoff and Elvehjem (11) studied the 
endogenous respiration of brain tissue of normal dogs, dogs with running 
fits, and normal dog brain to which MSI had been added and found no 
significant differences among them. They also observed no change in the 
cholinesterase activity or acetylcholine content of brain cortex of dogs with 
running fits. However, the addition of 0.01 m MSI to brain homogenates 
of normal dogs resulted in a marked decrease in cholinesterase activity. 
In addition, they found a significant reduction in the activity of liver xan- 
thine oxidase in rats injected with MSI for 2 weeks and concluded that 
the antimethionine activity of MSI is not specific for the enzyme systems 


* This project was supported by a grant from the Navy Department, Office of 
Naval Research. 
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affected in running fits, but is general in nature. ‘Lower and Elliott (12) 
found that bound acetylcholine failed to increase in incubated slices of 
cerebral cortex from animals convulsed by MSI. This effect could be 
reversed by addition of glutamine or methionine to the suspending medium. 
Pace and McDermott (13) studied the synthesis of glutamine from gluta- 
mate and the activity of the glutamyltransferase system in brain extracts, 
The former was found to be depressed slightly and the latter much more 
markedly. The depression of the glutamyltransferase system was not re- 
versed with methionine. The distribution of convulsive doses of S*-1- 
MSI in rats during an 8 hour period has been studied by Roth, Wase, and 
Reiner, who found that the uptake by kidney was greatest, followed by 
liver and spleen. Only small amounts were taken up in 8 hours by brain 
and spinal cord, even though the rats exhibited convulsions after 2 hours. 
It was also reported that MSI inhibited the uptake of S*-pi-methionine 
by liver slices (14). 

In this report a further study of the accumulation of S* by rats injected 
with S*°-L-MSI over a 10 day period is presented, and the excretion of S* 
by these animals has also been followed. Studies zn vitro with liver slices 
and $**-methionine or S*°-MSI were carried out in an effort to elucidate the 
mode of action of this drug. 


Excretion and Distribution of S**-L-Methionine Sulfoximine Injected during 
10 Day Period 


Sixteen male Wistar rats, weighing from 190 to 220 gm., were divided 
into two groups of eight and matched according to weight. Group I re- 
ceived 10 mg. of S*-L-MSI (prepared according to the directions of Roth 
et al. (14); specific activity 201,320, c.p.m. per mg.) intraperitoneally for 
the first 7 days, 12 mg. for the 8th and 9th days, and 15 mg. on the 10th 
day. The rats were housed in individual metabolism cages and the con- 
trols (Group II) pair-fed against the experimental animals. Both groups 
were fed fox chow meal and adequate water. Urine and fecal collections 
were made daily on the experimental rats. The cages were painted with 
paraffin to facilitate collection of the urine and toluene was used as a pre- 
servative. 

The urines collected each day were diluted to a volume of 100.0 ml. 
and two 1.0 ml. samples of each added to planchets, dried with an infra- 
red lamp, and counted in a gas flow counter under standard geometric 
conditions. The activities obtained were compared to a standard prepared 
by dissolving 5.0 mg. of S**-L-MSI in 100.0 ml. of similarly prepared inert 
rat urine and assaying under identical conditions. Fecal samples were 
weighed, dissolved in concentrated HNOs, and diluted to 100.0 ml. Two 
1.0 ml. samples of each were placed in glass planchets and evaporated to 
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dryness as before. Fecal standards were prepared by adding a known 
quantity of MSI to inert fecal samples ranging from 5.0 to 15.0 gm. and 
earrying through the digestion, dilution, and assay in a similar manner. 
In this way the effect of an increasing amount of organic matter on the 
activities was obtained and the activities of the fecal samples were corrected 
according to their weights. 

At the end of 10 days autopsies were performed on four experimental and 
four control rats. The experimental animals were etherized and blood was 
removed by heart puncture, after which the tissues were removed and 
weighed. Either the whole tissue or aliquots were digested in Pirie’s re- 
agent (15) and the sulfate precipitated with benzidine and assayed radio- 
metrically and volumetrically according to the method of Forker ef al. (16). 
The right kidney from each of the experimental and control animals was 
homogenized immediately with 5 volumes of ice-cold water and assayed for 
choline oxidase by the method of Williams, Litwack, and Elvehjem (17). 
On the 11th day autopsies were performed on three remaining experimental 
animals and four controls (one experimental animal died on the 7th day). 
None of the animals exhibited convulsive or toxic symptoms in this experi- 
ment. 

Both groups of animals lost considerable weight at first, but began to 
regain some after the 4th to 5th day. Individual rats differed considerably 
in their gain or loss of weight. 

The incorporation of S* into tissues is given in Table |. The 5* content 
of the animals sacrificed after 24 hours was considerably greater than that 
of the animals sacrificed at 48 hours. For this reason, the two groups have 
been listed separately. Rat 5 had an unusually high content of S* in 
almost every tissue examined. This may possibly be correlated with the 
fact that this rat declined steadily in weight and appearance throughout 
the experimental period, whereas the others showed a gain in weight after 
an initial decrease. The high S* content of this animal is apparently 
unrelated to a decreased excretory ability, since it showed the highest 
excretion of the drug. 

Spinal cord exhibited the greatest uptake of S** per gm. of tissue, a fact 
of considerable interest. This high uptake was not apparent in 8 hour 
studies (14). It is possible that certain cumulative effects of subtoxic 
doses observed in dogs may be explained by a concentration of the drug, or 
products derived from it, in this tissue. Further studies on spinal cord 
seem warranted in view of these results. Uptake by intestine and kidney 
was also high, kidney activity falling off very rapidly from the 24 hour to 
the 48 hour period after the final injection. This rapid decline is in agree- 
ment with previous studies which indicated that the high activity of kidney 
was probably due to the funneling of the excretion products through this 
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organ, rather than to actual incorporation of 8** into kidney tissue. In 
general, activity fell off rapidly in those tissues studied with the exception 
of brain and serum, in which the 24 and 48 hour values were little changed. 

The urinary and fecal excretion of S* is given in Table II. Urinary 
excretion was quite regular; approximately 50 per cent of the S* was 
excreted each 24 hour period. The few exceptions to this, when the excre- 
tion was considerably lower, are possibly due to faulty injection of the drug. 
When the amount injected was increased (8th to 10th day), the amount 
excreted increased correspondingly. The over-all average urinary excre- 
tion for the 10 day period was 49.3 per cent. Fecal excretion was lower 


TaBLeE I 
Incorporation of S** into Tissues of Rats Injected with S**-t-Methionine Sulfoxrimine 
during 10 Days 
The results are expressed in micrograms of S** per gm. of tissue. 


Tissue | Rats 1, 2, 5, 8 sacrificed 24 hrs. after last | Rats 3, 4, 7 sacrificed 48 hrs. lumen 
injection after last injection | all rats 

Spinal cord 23.8, 28.3, 36.8, 27.6 15.6, 114, — (13.5) | 23.9 
Intestine 10.2, 18.1, 44.2, 16.5 (22.2) | 13.0, 17.8, 19.4 (16.7) | 19.9 
Kidney | 14.6, 34.1, 26.4, 18.8 (23.5) 4.0, 79, 7.1 63) | 16.1 
Muscle 12.4, 2.9, 21.9, 11.3 (12.1) — —, 10.8 
Spleen 9.1, 10.0, 11.7, 9.2 (10.0) 3.6, 3.0, 7.3 (4.6) 
Lung | 7.0, 13.3,11.9, 4.4 (9.1) — 6.0, 4.5, 6.7 (5.4) 7.5 
LivertT | 7.4, 9.8, 8.5, 94 (8.7) 0.7, 3.1, 5.1 (3.0) | 6.2 
Heart — | 8.7, 8.2, 9.3, 3.6 (7.5) | 2.9, 2.7, 5.3 (3.6) 5.8 
Brain | | —, 63, 56, 3.2 (60) 4.0, 5.1, 5.2 (4.8) 4.9 


Serum | —, 25, 89, 26 (4.7) «6.8, 4.3, 6.1 (5.2) 4.9 


* The figures in parentheses indicate means. 
+ Duplicate determinations. 


and more variable, averaging about 7 to 11 per cent of the injected dose. 
It is possible that a large portion of this activity was due to contamination 
of the feces with urine, since no effort was made to keep them separate 
during collections. After intraperitoneal injection fecal excretion in any 
significant quantity would not be normally expected. The total amount 
excreted averaged 58.1 per cent of the injected dose. This value may be 
somewhat low, for, in spite of the care taken in making collections, it is dif- 
ficult to obtain all of the urine and feces. However, according to past expe- 
rience, losses are not usually more than 5 per cent. There was a good cor- 
relation of fecal with urinary excretion. In most cases in which urinary 
excretion was high, fecal excretion was low and the reverse was also true. 
This was particularly noticeable in Rat 3, 7th day, and Rat 2, 9th day. 

A preliminary chromatographic study was carried out on an undiluted 
urine sample and neither MSI nor methionine sulfoxide was found to be 
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TaBLeE II 
Urinary and Fecal Excretion of S** of Injected S**-L-Methionine Sulforimine 


Day 


| <MO <MO 


1 (10 mg.)* 
2 (10 mg.) 
3 (10 mg.) 


4 (10 mg.) 


5 (10 mg.) 


6 (10 mg.) 


7 (10 mg.) 


8 (12 mg.) 


9 (12 mg.) 


20 


10 (15 mg.) 


11 (0 mg.) 


|| Rat! Rat2 Rat3 Rat4 RatS Rat6 Rat7 Rat8 
'y 
As | 5.5| 4.2) 5.7} 4.4] 4.5) 
0.6 1.1 1.1/1 0.7] 2.2! 0.8); 0.5 
it | | | 
5.8| 5.4| 4.6! 5.8] 4.5! 4.6! §.2 
0.2; 0.9! 1.4| 1.6] 1.0} 0.3! 0.3 
| 6.0; 6.3; 6.0} 6.1] 4.9| 5.5 
5.5| 6.8| 4.3] 5.6 
6.2| 6.0! 6.1| 7.2| 5.0! 5.9 
| | 
A 4.3! 4.8) 5.3) 5.7) 5.6) 4.6 1.9 
B 0.8 1.3 0.9 0.5 
C 5.1) 6.1) 6.6)| 6.2) 6.2) 5.8! 5.6 
A 4.5; 3.9! 4.9 5.0! 6.3! 5.1!) 66) 3.8 
B 1.6! 0.6; 0.7] 0.3] 1.1 1.9 
C 5.2; 5.5| 5.5| 5.7| 66] 5.8] 5.7 
A 4.9; 4.1) 4.8/ 4.9] 5.7] 3.7| 5.1) 5.0 
C 5.5) 60| 69| 4.9! 5.8) 6.2 
A 2.4/ 4.6! 2.8! 6.0] 5.5 | 3.6/1 4.5 
B 1.2] 1.2] 3.4] 0.7] 0.5 | 0.5 0.6 
C 5.8! 6.2! 6.7) 6.0) 5.8 5.1 
A | 6.7; 5.4] 6.1) 5.5| 7.0| 6.0 | 5.4 
B 1.0) 1.1] 0.8 1.0] 1.0 | 1.0/ 1.1 
C 7.7| 6.5! 6.9) 6.5! 8.0) 7.0! 6.5 
A 6.8 4.5 5.6 6.2! 6.4 5.6 | 6.9 
B 2.3} 0.9! 1.0 0.8 1.5 
C 7.9| 6.8! 6.5! 7.4 6.4 8.4 
A 7.2| 6.4| 7.1] 6.2| 8.2) 6.5 
B | 0.8| 0.6; 0.3} 1.0) 1.2) 1.6 
7.7| 7.2| 7.7| 6.5| 9.2 7.6| 8.1 
| | | | 
| 0.4. | 
| | | 0.2 | | | 0.2 
| | | (0.8 
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TABLE II—Concluded 


Day | Rati Rat2 Rat3 }$Rat4 Rat5 | Rat 8 
Total urinary, mg........... 53.5 50.4 | 51.2 | 55.7 | 59.7 53.0 53.2 
49.1 | 46.1 | 46.8 | 51.1 | 54.7 48.5 48.6 
Total fecal, mg.............. 7.8 | 12.0) 11.4] 7.2] 8.3 8.3 | 9.7 
7.2 | 11.0; 10.5; 6.6| 7.6 7.6 8.9 
57.1 57.2 57.5 | 57.7 | 62.3 57.2 57.7 


* Amount injected. 

t A, B, and C, urinary, fecal, and total equivalent MSI, respectively. 
t Animal died. 

§ 109 mg. 


TABLE III 


Choline Oxidase Activity in Kidney Homogenates of Rats Injected with L-Methionine 
Sulfoximine during 10 Days 


Averages and ranges 


Oz uptake 
Group and No.of N per me.| x | Total onan N Os 
per hr. 
pl. me. mg. mg. pl. 
Controls, 6 229 4.84 | 46.6 21.40 725 | 995 
(210-282) (4.33-5.19) (41.6-54.8) (17.96-24.26) (610-821) (865-1290) 
S35-p-MSI-in- 172 4.33 21.45 825 862 


jected, 7 (114-222) (3.82-4.67) (30.0-49.8) (16.43-25.87) (714-972) (493-1288) 


present in any significant amount. ‘This may indicate metabolism of the 
injected MSI, but further studies will be required to prove this point. 

Activity of Kidney Choline Oxidase—-A previous trial experiment had 
indicated a decreased choline oxidase activity in kidneys of rats injected 
with MSI; hence choline oxidase assays were performed on the kidney 
homogenates prepared as described above. 

The results, presented in Table III, indicate a small but significant reduc- 
tion in choline oxidase activity in kidney homogenates in the drug-treated 
animals. This reduction is 25 per cent in terms of microliters of Os» con- 
sumed per 167 mg. of kidney (wet weight) per hour, but only 15 per cent 
when calculated as Qo, N. In terms of total organ activity the enzyme 
decreased by 13 per cent. 


Uptake in Vivo of S** of S*°-pt-Methionine by Liver in Presence of 
pL-Methionine Sulfoximine 


Ten adult male Wistar rats weighing from 230 to 258 gm. were divided 
into two groups of five animals each. The rats in one group were given 
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30 mg. of S**-pL-methionine intraperitoneally and those in the second group 
received the same amount of S*-pL-methionine plus 50 mg. of pL-MSI 
(unlabeled). After 24 hours the animals were sacrificed and the livers 
removed. Radiological assay of the tissues was carried out as described 
below in the section on studies in vitro. The results are given in Table IV, 
from which it is seen that the uptake of S* from methionine was greater 
in the presence of MSI than in its absence. This is the reverse of the effects 
that were noted in studies with liver slices in vitro (14), which were incu- 
bated for 2 hours with S*-pi-methionine and MSI. None of the five 
animals in this experiment exhibited toxic symptoms. 


TABLE IV 
Uptake in Vivo of S** of S*5-pi-Methionine by Liver in Presenee of pu-Methionine 
Sulfoximine 
Uptake of S** of S**-pi-methionine 
Intraperitoneal dosage (5 rats in each group) Por liver per 
Per gm. liver Per liver 100 gm. y 
weight 
30 mg. S**-pL-methionine............... 123.2 + 12.5* | 1090 + 110 | 436 + 44 
Same + 50 mg. DL-MSI................ 158.2 + 10.4 | 1225 + 81 | 523 + 34 


* Standard error of the mean. 


Uptake in Vitro of S** of S**-t-Methionine Sulfoximine by Rat Liver Slices 
with and without Added pu-Methionine 


Freshly cut rat liver slices were perfused with ice-cold Krebs’ buffer, pH 
7.34, for 30 to 40 minutes. The slices were blotted dry and approximately 
0.5 gm. samples were weighed and transferred to 15 ml. of Krebs’ saline 
containing S*-L-MSI. pxt-Methionine was added to some of the flasks. 
The slices were incubated for 120 minutes at 37° in the presence of air. 
After this the tissues were removed, washed with cold saline, and digested 
in concentrated HNO;. Aliquots of the digest were placed in glass plan- 
chets and assayed for radioactivity in a gas flow Geiger tube. The activi- 
ties were compared to a control sample prepared by adding a measured 
amount of S*-L-MSI to liver and digesting and assaying in an identical 
manner. The results are presented in Table V. Increasing the amount 
of S*-L-MSI in the medium increased the amount of S* taken up.’ In 
the presence of a final concentration of 5.4 & 10-4 mM pL-methionine, there 


1In another experiment the uptake was measured when the concentration of 
S**-L-MSI was increased in steps from 4.64 X 10-* to 27.9 X 10-3 m. A plot of the 
data gave a linear curve and not a typical Freundlich adsorption isotherm, indicat- 
ing the process to be one of true incorporation and net. an adsorption phenomenon. 


7 
KUM 


654 METHIONINE SULFOXIMINE 


was no significant change in the uptake of S* of S**-L-MSI by liver slices, 
but, when the concentration of methionine was increased 4-fold, there was 
a greatly increased uptake. This experiment was repeated with, however, 
different concentrations of methionine and S*-L-MSI, and the results are 
given in Table V (Experiment 2). In this case the lowest concentration of 
methionine gave the greatest uptake of S** by liver slices. Increasing the 
methionine concentration greatly depressed the uptake, while further in- 
crease caused a rise in uptake which was still only 60 per cent of that 
obtained at the lowest methionine concentration. 


TABLE V 


Uptake of S** of S%-L-Methionine Sulfoximine by Rat Liver Slices with and without 
Added vi-Methionine* 


Experiment No, Concent ppmethionine in medium | Per gm. liver 
| M | M Y 

9.0 1074 0) 16.7 + 3.5 

1.8 X 10°3 0 30.2 + 4.3 

4.5 10-4 5.4 10-4 12.0 + 3.1 

4.5 X 10-5 2.1 x 1073 32.6 + 3.7 

2 1.9 1.1 X 10-5 | 13.9 + 1.4 

1.9 10°5 1.6 10°5 2.9 + 0.2 

1.9 10°5 2.1 1075 7.8 + 0.8 


* Average results for eight samples. 
+ Standard error of the mean. 


DISCUSSION 


The changes in enzyme activity that have been obtained by the treat- 
ment of brain tissue with MSI in vitro have not been substantiated by 
observations on the brain tissue of animals suffering from the effects of the 
drug. Thus studies in vitro showed acceleration or inhibition of acetylcho- 
line synthesis, decrease in cholinesterase and glutamyltransferase activities, 
and decrease in synthesis of glutamine, while zn vivo no change was ob- 
served in acetylcholine content or in cholinesterase activity and endogenous 
respiration. This variance may indicate that the mechanisms of enzyme 
inhibition by MSI in vivo and in vitro are different. The fact that a lag of 
several hours occurs in the appearance of neurological symptoms in injected 
animals leads one to suggest several possible explanations. (1) It may be 
necessary to reach a certain concentration of MSI in brain or spinal cord 
before toxic effects appear; (2) the drug may be converted into some other 
toxic substance by tissues, particularly liver, at a relatively slow rate; and 
(3) the MSI may be incorporated into specific enzymes or other proteins 
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which are rendered biologically inactive. At the present time we are not 
able to choose definitely among these or other possibilities. The high 
concentration of S** observed in spinal cord suggests that the drug or some 
of its products may have a special affinity for this tissue. It is also possible 
that specific areas of the brain are more sensitive than others. 

Preliminary chromatography of urine indicated that the S** of the MSI 
was converted largely to some non-amino acid form, possibly inorganic or 
ethereal sulfate, but further studies will be required to determine the 
nature and distribution of the S* in various sulfur fractions of the urine. 

The data in Tables IV and V indicate that the ratio of the concentration 
of drug to methionine presented to liver is important in determining how 
much of the S** of the MSI will be taken up by this organ. If detoxication 
takes place in the liver, then the ameliorating effects of extra methionine 
could be explained on the basis that the latter causes an increased uptake 
of MSI by liver, and hence a greater proportion of it is detoxified. 

From the data in Tables I and II we may conclude that 30 to 40 per cent 
of the S** of the injected MSI is retained in the cells and body fluids as long 
as the injections are continued, but when they are stopped there is a 
rapid release of the remaining S**. The question of whether MSI, or a 
portion of it, is incorporated into protein must await further experimenta- 
tion. 


The authors wish to acknowledge the helpful technical assistance of Mr. 
Jerry Stiffel. 


SUMMARY 


1. S**-L-Methionine sulfoximine was injected into rats during a 10 day 
period and the excretion of S*° determined. 50 per cent of the injected 
dose was excreted daily in the urine and 8.5 per cent in the feces. 

2. The retention of S** by tissues 24 and 48 hours after the last injected 
dose was determined. After 24 hours the greatest amount, per gm. of 
tissue, was retained by spinal cord followed by intestine, kidney, and 
muscle, in that order. A large portion of the retained S** was lost in the 
period from 24 to 48 hours by all tissues but brain and serum. 

3. Choline oxidase activity in homogenates of kidney of the injected rats 
decreased 15 per cent at the end of 10 days. 

4. The uptake of S* from S*-L-methionine sulfoximine by liver slices 
was found to be high in the presence of low concentrations of methionine, 
decreased markedly at intermediate concentrations, and increased again at 
higher concentrations of methionine. 

5. Uptake of S** of S**-pL-methionine in vivo was increased by the simul- 
taneous injection of methionine sulfoximine. 
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THE INHIBITION OF THE ACTION OF PANCREATIC LIPASE 
BY ESTERS OF POLYOXYETHYLENE SORBITAN 


By FREDERICK N. MINARD 
(From the Abbott Laboratories, North Chicago, Illinois) 


(Received for publication, September 12, 1952) 


A group of surface-active agents, the Tweens (fatty acid esters of poly- 
oxyethylene sorbitan), is currently being used to promote intestinal fat ab- 
sorption. These substances are believed to assist in the formation of fat 
emulsions which can be either absorbed or subjected to hydrolysis. Since 
the first description of their use in 1948 (1), reports on the clinical trial of 
these substances have been often favorable (2), although in some cases no 
increased fat absorption has been observed (3). It was therefore of inter- 
est to find that under certain conditions these Tweens do have an inhibitory 
effect upon the action of pancreatic lipase. This inhibition was demon- 
strated when a Tween was added to a digestion mixture containing pan- 
creatic lipase and a corn oil emulsion. Further experimentation revealed 
that this inhibition can be reversed by the presence of bile salts. 

The inhibitory effect of the Tweens is also of interest because these 
substances have often been used as lipase substrates. Archibald (4) devel- 
oped an assay using Tween 20 and showed that the hydrolysis was most 
rapid in a 30 per cent Tween solution. Other lipase determinations with 
Tween substrates have been described by Gomori (5) and Boissonnas (6). 


EXPERIMENTAL 


Reagents— 

1. Pangestin, Difco, a triple strength U. 8. P. pork pancreatin, was used 
as the source of pancreatic lipase. 

2. The Tweens were commercial samples obtained from the Atlas Powder 
Company. 

3. The emulsion was composed of 15 per cent corn oil and 5 per cent 
dextrose emulsified by 1 per cent vegetable phosphatide (7). 

4. The bile salts were contained in Bilein, Abbott, a dehydrated ox bile. 

5. The buffer system was composed of 0.08 mM calcium acetate and 0.10 
M sodium diethylbarbituric acid. It was adjusted to pH 8.5 with sodium 
hydroxide. 

Procedure—15 ml. of the buffer at pH 8.5 and 3 ml. of the emulsion were 
mixed in a test-tube suspended in a water bath at 37°. 3 ml. of an aqueous 
solution of pancreatic lipase were added, and the mixture was mechanically 
stirred for 30 minutes. At the end of this time the digest was rinsed into 
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a beaker with 100 ml. of cold water and titrated with 0.1 N sodium hy- 
droxide. A glass electrode assembly served as the pH indicator, and an 
electric stirrer was used. Since there was no decided inflection point in the 
plot of ml. of sodium hydroxide versus pH, all titrations were considered 
finished at an arbitrary pH of 9.3. Blanks were run, and the amount of 
digestion was measured by the difference between the alkali required for 
the titrations of the digest and the blank. 


| 
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CONCENTRATION OF LIPASE IN MILLIGRAMS 


Fic. 1. Inhibition of varying amounts of pancreatic lipase by a constant amount 
of Tween 80. O, no Tween 80 present; A, 0.02 per cent Tween 80; 0, 0.04 per cent 
Tween 80. 


Results 


For convenience in a 30 minute digestion period, calcium ion was present 
in all the experiments to accelerate the hydrolysis by the enzyme. ‘This 
ion formed a soap with the fatty acid as it was released and thereby pre- 
vented a decrease in the hydrolysis rate by a reverse reaction. Under the 
conditions used, in the presence of 0.057 mM calcium ion there was a constant 
rate of fatty acid release up to 0.5 mm of fatty acid; in the absence of 
calcium a decrease in the rate was observed at about 0.05 mm. A linear 
relationship exists between the amount of enzyme and lipolysis under the 
assay conditions (Fig. 1). This plot also indicates the semen of an 
irreversible type of inhibitor in the digestion mixture. 

Various quantities of Tweens were mixed in the buffer system prior to 
the addition of the corn oil emulsion and the lipase, and the resulting 
inhibitions were observed. The degree of inhibition of the lipase varies 
with each Tween (Fig. 2); Tween 80 is the most inhibitory, followed by 
Tweens 60 and 20. These are monoesters of polyoxyethylene sorbitan 
with oleic, stearic, and lauric acids, respectively. Two different lots of 
Tween 80 showed the same inhibition. Since Tween 80 has been the most 
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investigated agent therapeutically, it was used for the remainder of this 
investigation. 

The application of the technique of Ackermann and Potter (8) indicates 
that under the particular assay conditions used, the Tween 80 inhibition of 
the hydrolysis of fats by pancreatic lipase is apparently either irreversible 
or nearly irreversible in character (Fig. 1). When Tween 80 was used as a 
substrate in a 5 per cent final solution under the standard conditions, 
titratable acid was released 1/800 as rapidly as when the corn oil emulsion 
was used as the substrate. Thus the inhibition of triglyceride hydrolysis 
by the Tweens is perhaps another example in which a less reactive substrate 
inhibits enzyme action upon a more reactive substrate (9). When Tween 
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PER CENT CONCENTRATION OF TWEEN 
Fig. 2. Inhibition of 1.5 mg. of pancreatic lipase by varying concentrations of 
Tweens. ©, Tween 20; A, Tween 60; O, Tween 80. 


80 was added to the corn oil digestion mixture 5 minutes after the start of 
digestion, a plot of the released fatty acid versus time showed a linear break 
at 5 minutes. This indicates that there is no appreciable time lag before 
the beginning of the inhibition. 

Since bile is a natural activator of pancreatic lipase and is also presum- 
ably involved in fat digestion and absorption, its effect upon the Tween 80 
inhibition was investigated. The desired amounts of bile salts and Tweens 
were mixed with the buffer system prior to the additions of emulsion and 
enzyme. It was found (Fig. 3) that bile salts can reverse the inhibition by 
Tween 80 and that perhaps there is a linear relationship between the 
opposing effects of the two substances. If there is a time lag for the 
reversal of the inhibition it must be small. When bile salts were added to 
the corn oil digestion mixture containing Tween 80 after 5 minutes of 
digestion, a plot of the released fatty acid versus time showed a linear break 
at 5 minutes. 
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It should be emphasized that the data presented in this paper were 
obtained under conditions in vitro which are not necessarily similar to the 
conditions existing in the animal intestine. 


0.0 01 0.2 03 
PER CENT CONCENTRATION OF BILE SALTS 
Fic. 3. Bile salt reversal of the Tween 80 inhibition of 1.5 mg. of pancreatic 
lipase. O, bile salts only, no Tween 80; 0D, bile salts plus 0.04 per cent Tween 80; 
A, bile salts plus 0.10 per cent Tween 80. 


SUMMARY 


An inhibition of the action of pancreatic lipase upon corn oil by fatty 
acid esters of polyoxyethylene sorbitan (Tweens) has been observed. It is 
apparently an example in which a less reactive substrate inhibits enzyme 
action upon a more reactive substrate, since the Tweens are slowly hy- 
drolyzed by pancreatic lipase under the conditions used. This inhibition 
can be reversed by the addition of bile salts. 


The author wishes to thank Mr. Boyer Clausen for drawing the graphs. 
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EXCRETION OF THE METABOLITES OF TESTOSTERONE-4-C 
IN THE RAT* 


By JAMES ASHMORE, WILLIAM H. ELLIOTT, E. A. DOISY, Jr., ann 
EDWARD A. DOISY 


(From the Departments of Biological Chemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missourt) 


(Received for publication, September 15, 1952) 


In most of the experiments previously reported on the metabolism of 
testosterone, reviewed by Dorfman (1), rather large quantities of this ster- 
oid have been administered to experimental subjects and the urine collected 
for the estimation of androgenic compounds. In general, metabolites 
amounting to about 20 per cent of the administered compound have been 
found in the urine of animals. However, in the important studies of 
Dobriner and Lieberman (2) in which 90 mg. of testosterone per day were 
administered to a man for 45 days, metabolites equivalent to 50 per cent 
of this steroid were recovered from the urine. 

Failure to find all of the injected testosterone as recognizable metabolites 
might have one of two explanations, or might include a combination of 
both. Either the steroid is degraded to non-steroidal, hence not easily 
recognizable, metabolites, or else only a portion of the metabolites of the 
injected material is eliminated via the urine. 

That other pathways of excretion are important was demonstrated by the 
experiments of Paschkis et al. (3) in which significant amounts of androgenic 
material were found in the bile of dogs after injection of testosterone, 
androsterone, or methyltestosterone. However, Dorfman (1) reported 
that oral administration of large quantities of testosterone propionate to a 
woman with a bile fistula did not result in excretion of androgens or 17- 
ketosteroids in bile. 

Since the initiation of the work reported in this paper, Gallagher e¢ al. 
(4) have reported some studies on the metabolism of radioactive testoster- 
one in rats and mice. After intraperitoneal administration of testosterone- 
4-C" dissolved in aqueous propylene glycol no C™O. was found in the 
expired air of mice during the succeeding 3 days. The distribution of radio- 
activity in the excreta of rats 24 hours after injection showed 7 to 12 per 
cent of the administered radioactivity in the urine, 31 to 40 per cent in the 


* This paper is based on work performed under contract No. AT(11-1)-201 between 
the Atomic Energy Commission and St. Louis University. A preliminary report 
embodying some of the data contained in this paper was presented at the meeting 
of the Federation of American Societies for Experimental Biology in New York, 
April, 1952. 
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feces, and about 35 per cent present in the gastrointestinal tract. After 
hydrolysis with boiling acid, only a minor proportion of the radioactive 
metabolites of the urine and feces was extractable with ether. 

The experiments reported in this paper describe the preparation of testos- 
terone-4-C"™ and its metabolism by the rat. The labeled steroid was made 
by a modification of the method of Turner (5). Distribution of radioae- 
tivity in the excreta of normal male rats was measured following intra- 
gastric, intramuscular, or subcutaneous administration. Male rats having 
ligated or cannulated bile ducts were also used to study the rate of excretion 
of radioactive metabolites. Simple chemical studies were performed to 
determine the nature of the C'-containing metabolites present in the bile 
and feces. 


EXPERIMENTAL 


Preparation of Testosterone-4-C'*—Testosterone-4-C™ was prepared by 
the method of Turner (5) with only slight variation. Ozonization of testos- 
terone benzoate in which the 4,5 double bond is oxidized to give a ketone 
and carboxylic acid gave rise to a keto acid (m.p. 177-178°) melting some 
30° higher than the compound reported by Turner. This higher melting 
acid was characterized by its neutral equivalent, specific rotation, and 
analysis for carbon and hydrogen. Table I gives a comparison of the 
properties found by us and those reported by Turner. 

Hydrolysis of the benzoate of the keto acid produced an acid identical! 
with the product derived from ozonization of testosterone. The melting 
point of the free acid, 202—203°, was depressed by admixture with both the 
keto acid benzoate and the enol lactone benzoate. These data, together 
with the fact that this acid gave an enol lactone identical with that reported 
by Turner, suggest that the higher melting keto acid benzoate is a dimor- 
phic form. 

The enol lactone was readily prepared by dissolving the keto acid ben- 
zoate in acetic anhydride, adding solid P.O;, and refluxing the solution for 
1 hour. After cooling, the solution was decanted from the dark red pre- 
cipitate and evaporated to dryness. The residue was then dissolved in 
ether and the ether washed thoroughly with 7 per cent aqueous potassium 
carbonate and water. Evaporation of the ether yielded colorless crystals 
of the enol lactone, which upon crystallization from acetone-hexane gave a 
pure product melting at 201—202°; Turner reported 202—202.5°. 

An excess of the enol lactone was condensed, as described by Turner, 
with 1.1 mM of pheny! acetate! containing 1.1 mc. of C“. After adsorption 
on an alumina column and elution with benzene containing 1 per cent 


‘The C' was obtained on allocation from the Atomic Energy Commission and 
was purchased as methyl-labeled pheny! acetate from Tracerlab, Inc., Boston. 
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methanol, 0.58 mm of testosterone-4-C was obtained, representing a yield 
, of 53 per cent. The radiotestosterone was characterized by its melting 
point (154-155°) which showed no depression on admixture with authentic 
testosterone and by ultraviolet absorption, maximum 241 my, log e¢ 4.21. 
Testosterone benzoate was prepared as a derivative, m.p. 194—195°; re- 
ported value, 194-196° (6). 

Radioassay of testosterone-4-C™ was carried out by oxidation of the 
material to carbon dioxide which was precipitated as BaCO; and counted 
| with a thin window Geiger tube (1.8 mg. per sq. cm.). Comparison with 
| a sample of C™ calibrated by the National Bureau of Standards revealed 
. an activity of 2.1 we. per mg. 

Excretion of Radioactivity in Bile, Urine, and Feces—lIn all experiments, 
adult male albino rats from our colony, weighing in excess of 250 gm., were 
used. On the basis of the work of Moore and Price (7), 0.2 mg. (76,000 


Taste I 
Comparison of Keto Acids Derived from Ozonization of Testosterone Benzoate 


Analysis 
M.p. [a]p in CHCl: 
Carbon Hydrogen 
C,H calculated | 412 | | 7.82 
147-148 +79 | 72.83 | 7.34 


A, acid prepared in this laboratory; B, data taken from Turner’s (5) report. 


¢.p.m.) was selected as being in the physiological range for the rat. After 
intragastric administration of the steroid in 1 ml. of 50 per cent ethanol or 
intramuscular injection in 0.2 ml. of dibutyl succinate, the excreta were 
collected for 4 days and the distribution of the radioactivity determined. 
Excretion in animals with cannulated or doubly ligated and severed bile 
ducts was studied only after intragastric administration. Operations were 
performed under ether anesthesia without rigid aseptic technique. Fistulas 
were made with metal-tipped polyethylene tubing, and these animals main- 
tained in restraining cages (8). 

The percentages of the injected doses excreted in bile, urine, and feces 
over a + day period are given in Table II. It is apparent from the total 
recoveries that from 86 to 104 per cent of the C™ of injected testosterone 
was accounted for in the excreta of the rats used in these experiments. 
Normal animals receiving 0.2 mg. of radioactive testosterone by either the 
intragastric or intramuscular route excreted from 44 to 72 per cent of the 
administered radioactivity in the feces and from 23 to 44 per cent in the 
urine. 
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Fig. 1 presents the daily excretion patterns following intragastric and 
intramuscular injection. By intragastric administration, normal rats (( 
excreted more than 50 per cent of the injected radioactivity during the 


Taste II 


Distribution of Radioactivity in Excreta of Rats after Administration of 0.2 Mg. of 


Testosterone-4-C' 


Recovery of injected C™ in excreta 


Type of rat 
Urine Feces Bile 
per cent per ceni per eons 
Normal (I1M)* C-1 23 7: 
C-3 26 70 
C-3 42 44 
30 62 
Normal (IG)t NC-7 29 72 
NC-8 44 59 
| NC-9 | 35 63 
— 

Average .. 36 65 
Ligated bile duct DL-Il | 89 0 
(IG) DL-6 82 7 
DL-7 100 4 
Average .. 90 4 

Bile fistula (IG) | BF-1 2s 0 72 

BF-2 5 3 85 

BF-3 | 10 0 SS 

BF 6 17 0 72 

BF-7 19 0 SO 

Average ....... | 16 0.6 79 


* Administered intramuscularly in 0.2 ml. of dibutyl succinate. 
t Administered intragastrically in 1 ml. of 50 per cent ethanol. 


= 


ist day, with practically complete elimination by the end of the 2nd day. 
After intramuscular administration, the maximum excretion occurred on 
the 2nd day. Since 6 per cent was eliminated on the 4th day, it seems 
likely that absorption from the intramuscular site is much slower than from 


the intestinal tract. 
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In animals with ligated bile ducts (DL), virtually all of the administered 
radioactivity appeared in the urine. The small percentage of activity in 
the feces of animals with cannulated or ligated bile ducts indicates prac- 
tically complete absorption of testosterone from the intestinal tract, even 
when the flow of bile to the intestine has been interrupted, a finding which 
extends to the rat the previous report of Hoffman et al. (9). In animals 


c@ oL@ 
BILE 

URINE 

FECES 


PER CENT OF C’* ADMINISTERED 


123 


1234 
DAYS 


Fic. 1. Average daily excretion of C“. The animals represented by the left bar 
graph received 0.2 mg. of testosterone-4-C™ intramuscularly; all the other animals 
were given the same amounts by stomach tube. The quantities of C™ are expressed 
as percentages of the administered dose. The height of bar indicates total daily 
excretion. (C, normal animals; BF, animals with cannulated bile ducts; DL, animals 
with ligated bile ducts. The number of animals is given in parentheses. 


with cannulated bile ducts (BF), the bile serves as the major route of 
excretion (72 to 88 per cent). The small percentage of radioactivity in the 
urine of animals with bile fistulas (5 to 28 per cent) as compared with that 
found in the urine of normal animals (23 to 44 per cent) indicates the 
resorption from the intestinal tract of metabolites which have been ex- 
creted in the bile. 

Occurrence of Radioactivity in Expired Air—The expired air was collected 
from each of three normal animals which had received 0.2 mg. of radio- 
active testosterone intragastrically. Examination for C™O, in the manner 
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previously reported for progesterone by Grady et al. (10) revealed no 
radioactivity during the 4 day experimental period. In like manner, two 
additional male rats receiving 10 mg. (76,000 c.p.m.) and 40 mg. (76,000 
c.p.m.) of radioactive testosterone subcutaneously showed no evidence of 
radioactivity in the expired air. 
Excretion of C™ after Subcutaneous Administration of 2 Mg. of Testosterone 
~—2 mg. of the hormone in 0.2 ml. of dibutyl succinate were administered 
subcutaneously to two adult rats with cannulated bile ducts. Excretion of 
radioactivity in the bile, feces, and urine was followed for a 4 day period, 
The results of this experiment show the same over-all excretion pattern as 
was found on administration of 0.2 mg. of C''-testosterone intragastrically. 
All of the administered radioactivity was recovered in the excreta within 


Taste Ill 


Excretion of Radioactivity after Administering Bile Containing Metabolites of 
Testosterone to Other Rats with Cannulated Bile Ducts 


Recovery of C™ during 72 hrs. following administration of bile 
Site of administration 


Bile Urine Feces Total 


per cent per cent per cent per cent 
Stomach... 65 6 0 ra 
Duodenum...._.. ro 42 5 0 17 


3 days; 87 and 110 per cent in the bile and 16 and 2 per cent in the urine, 
respectively. No radioactivity was found in the feces. 

Enterohepatic Circulation in Rat—Bile collected from animals receiving 
testosterone-4-C"™ intragastrically was concentrated in the frozen state in 
vacuo to one-fourth its original volume and administered intragastrically, 
intraduodenally, or intrajejunally to other rats with cannulated bile ducts. 
The percentages of the injected doses recovered in bile, urine, and feces 
are given in Table III. That radiometabolites of administered bile were 
absorbed is evidenced by the reexcretion of from 42 to 65 per cent of the 
activity in the bile, with only from 5 to 6 per cent in the urine of these 
animals. 

Nature of Metabolites Containing C™ Excreted in Bile and Feces—Simple 
chemical studies were performed to determine whether differences exist in 
the chemical properties of radioactive metabolites present in the excreta. 
The feces from animals receiving 0.2 mg. of testosterone intramuscularly 
were air-dried, pulverized, and continuously extracted with hot 95 per cent 
alcohol. The alcoholic extract was diluted with an equal volume of water 
and centrifuged at —4°. Aliquots of the supernatant were reduced to 
dryness and subjected to the following methods of hydrolysis: (1) boiling 
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with 15 volumes per cent of HCI (sp. gr. 1.19) for 10 minutes; (2) continu- 
ous extraction with ether of a 7.2 nN HCI solution for 24 hours; and (3) ac- 
tion of bacterial 8-glucuronidase at 37° for 24 hours (11). 

A sample of bile from an animal receiving 0.2 mg. of radioactive testos- 
terone intragastrically was divided into aliquot parts and subjected to the 
same hydrolytic methods that were used for fecal extracts. Ether extrac- 
tion of the aqueous bile solution served as a control and conversion to 
ether solubility was taken as evidence of hydrolysis. 

In agreement with Gallagher et al. (4), no significant quantities of radio- 
active material could be removed by ether extraction of the aqueous extract 
of feces either before or after hydrolysis. However, most of the metabolites 
present in bile were converted to ether-soluble forms after all hydrolytic 
methods. The hydrolysis of radioactive substances present in the bile by 
bacterial glucuronidase indicates that these substances are in part conju- 
gated with glucuronic acid. 


DISCUSSION 


The data in Table II, Fig. 1, and the text show the same general pattern 
of excretion in rats, regardless of the route of administration or amount of 
hormone given. After either intragastric or intramuscular administration 
of radiotestosterone to normal rats, approximately two-thirds of the C™ 
was excreted in the feces and one-third in the urine. The more rapid 
elimination after intragastric administration is indicative of a more rapid 
absorption from the gastrointestinal tract than from muscle. 

In animals with cannulated bile ducts the bile contained an average of 
79 per cent of the administered radioactivity, thus clearly establishing the 
hepatic route as the primary path of excretion in rats. Large percentages 
of activity found in the urine of animals with ligated bile ducts indicate 
that in impaired biliary excretion the kidney readily serves as an alternate 
pathway of excretion. 

The percentage of radioactivity in the urine of normal animals (36 per 
cent) as compared with that of animals with cannulated bile ducts (16 per 
cent) indicates that the normal animal resorbs some of the C™ from the 
gut after excretion into the bile. Resorption of testosterone metabolites 
from the intestinal tract is clearly demonstrated by the experiments in 
which bile containing radiometabolites was readministered. These experi- 
ments, which indicate significant enterohepatic circulation of metabolites of 
testosterone in the rat, support the concept proposed by Cantarow and 
associates (12-14), who studied steroid hormone excretion in the dog. 

The absence of radioactivity in the expired air suggests that the isotope 
at position 4 remains with a large molecular residue and that a drastic 
breakdown of this steroid nucleus does not occur in the rat. The apparent 
difference in chemical behavior of radioactive metabolites present in the 
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bile and feces may be due to recycling through the animal! organism (entero. 
hepatic circulation) or to alteration by intestinal flora. 
SUMMARY 

Testosterone-4-C™ has been synthesized by the method of Turner. [py 
normal animals, approximately one-third of the administered radioactivity 
was excreted in the urine and two-thirds in the feces. In animals with 
cannulated bile ducts, it was found that the bile served as the major route 
of excretion, while in animals with ligated bile ducts, the kidney served as 
the major pathway of excretion. Significant amounts of the compounds 
excreted in the bile were resorbed from the intestinal tract when bile con- 
taining radiometabolites was administered to other bile fistula animals. 
No radioactivity was found in the expired air. Hydrolytic studies indi- 
cated that the radiometabolites in the feces were different from those in the 
bile. 


The authors wish to thank Dr. 8. A. Thayer of the Department of 
Biochemistry, St. Louis University School of Medicine, for the chemical 
analyses, and Mrs. N. H. C. Shen and Mr. 8. L. Hsia for technical assist- 
ance in the preparation of the keto acid and of testosterone. 
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KINETIC ANALYSIS OF ENZYME REACTIONS 


Il. THE POTASSIUM ACTIVATION AND CALCIUM INHIBITION OF 
PYRUVIC PHOSPHOFERASE* 


By J. F. KACHMAR,f anv P. D. BOYER 


(From the Division of Agricultural Biochemistry, University of Minnesota, St. Paul, 
Minnesota) 


(Received for publication, April 14, 1952) 


Muscle pyruvic phosphoferase,' catalyzing the reaction PEPA + ADP 
= pyruvate + ATP,* has been shown to require both Mg** (3) and K* 
or NH,* ions (4-6) for maximum activity and to be strongly inhibited by 
Ca++ (4, 5). The mechanism of action of these ions is not known. The 
principal objective of the research reported in this paper was to acquire 
information about the activation by K* ions through the application of 
kinetic studies. Recent extensions of the theory of enzyme inhibition and 
activation (7) serve as a basis for the experimental approach applied in 
this paper. 

A second objective of this research was to determine whether the activa- 
tion of rabbit muscle pyruvic phosphoferase was essential or only stimula- 
tory. In previous work (4, 5) the possible indispensable requirement of 
K+ for rat muscle pyruvic phosphoferase was left open to question. 


*This work was supported in part by grants from the National Institutes of 
Health, United States Public Health Service, and from the Nutrition Foundation, 
Inc. The material is taken from the thesis for the degree of Doctor of Philosophy 
of J. F. Kachmar and was presented in part at the Forty-second annual meeting of 
the American Society of Biological Chemists (Federation Proc., 10, 204 (1951)). 
Paper No. 2825, Scientific Journal Series, Minnesota Agricultural Experiment Sta- 
tion. 

t Present address, Department of Obstetrics and Gynecology, University of 
Minnesota, Minneapolis 14, Minnesota. 

‘We prefer this designation for the enzyme. The enzyme has also been variously 
referred to as a transphosphorylase, a phosphotransferase, a phosphokinase, pyruvo- 
pherase, and a transphosphatase. Some standardization in the nomenclature of 
the phosphate-transferring enzymes would be welcome. Dixon (1) and Hoffmann- 
Ostenhof (2) have advanced proposals in this direction. 

* The following abbreviations and symbols are used throughout: PEPA, phospho- 
(enol)pyruvate; ATP, ADP, adenosinetri- and adenosinediphosphate, respectively ; 
THAM, tris(hydroxymethyl)aminomethane; v, velocity; A, enzyme activator, for 
these studies, K*, Rb*, or NH,*. 
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Materials and Methods 


Phospho(enol)pyruvate—The sodium salt was prepared from the once 
recrystallized silver-barium double salt* by trituration with a 5 to 10 per 
cent excess of N HC] in an ice bath, followed by addition of a bare excess 
of 0.5 mM NasSO,. The BaSO,-AgCl residue was thoroughly washed, the 
solution of PEPA neutralized with dilute NaOH to a pH of 7.2 to 73, 
frozen overnight, and thawed, and any traces of BaSO, removed by filtra- 
tion. The clear, colorless solution was diluted to an estimated 0.02 yy. 
Small amounts of free pyruvate (0.3 to 0.4 um per ml.) were present in all 
preparations. 

Adenosinetriphosphate and Adenosinediphosphate—Solutions of the so- 
dium salts, pH 7.2 to 7.3, were prepared in the usual manner from the 
barium salts (Sigma Chemical Company) and diluted to 0.01 m. 

Tris(hydroxymethyl)aminomethane-H ydrochloride Buffer—An 0.8 M s0- 
lution of THAM, m.p. 169°, recrystallized twice from aqueous methanol, 
was acidified at 37° with concentrated HCl to a pH of 7.40, and then 
diluted to 0:5 ms THAM-HCI buffers have appreciable temperature co- 
efficients and separate buffer solutions were prepared for use at cold room 
temperatures. Both amine and buffer solutions deteriorate on standing at 
room temperature and were refrigerated when not in use. 

Yeast Hexokinase—The hexokinase used was Fraction 3a prepared ac- 
cording to Berger et al. (9) by Dr. Marco Rabinovitz and Mr. M. P. Stul- 
berg in this laboratory. For the experiments, fresh dilutions (1:40 in 
2 per cent glucose) of this stock solution were made daily. 

Pyruvate—The sodium salt was prepared from redistilled Eastman Kodak 
pyruvic acid according to the procedure of Robertson (10). Stock stand- 
ard solutions were assayed by the alkaline hypoiodite method. 

Phosphate and Iodine-Labile Phosphate Determinations—Inorganic phos- 
phate was determined essentially as described by Sumner (11), and iodine- 
labile phosphate by an adaptation of the procedure of Meyerhof and Kies- 
sling (12). 

Pyruvate Determination—Pyruvate was assayed by a simplification of the 
2 ,4-dinitrophenylhydrazine method (13). Except for Mg** and NH,’, 
none of the components in the enzyme reaction system was found to 
interfere. Mg** interfered by forming a precipitate if more than 7 to 8 
uM were present in the assay aliquot; this amount was encountered only 
when the entire contents of the reaction tube were used for assay. The 
NH," interference occurred only if the assay sample contained more than 
0.5 um. PEPA was stable and did not react with the reagents under the 
conditions of the assay. 


* We are deeply indebted to Dr. E. Baer, University of Toronto, for a gift of the 
crystalline double salt, prepared by the procedure of Baer and Fischer (8). 
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When 0.01 to 0.2 um of pyruvate was to be determined, the entire 2.0 
nl. reaction mixture was treated with 1.0 ml. of cold 0.0125 per cent 
dinitrophenylhydrazine in 2 N HCl, the reagent serving also to stop the 
reaction. After 10 minutes incubation at 37°, the tubes were removed 
from the bath, 2.0 ml. of water and 5.0 ml. of 0.6 Nn NaOH added, and the 
tubes allowed to stand for 10 minutes for color development. The tubes 
were centrifuged briefly to remove any small amount of Mg(OH). present 
and the optical density at 510 my was read in 5 cm. horizontal cuvettes 
with the Coleman model 10 spectrophotometer. 

When larger amounts of pyruvate were present, the reaction was stopped 
by addition of 1.0 ml. of cold 15 per cent trichloroacetic acid to the 1.50 
ml. reaction mixture and the solutions chilled, neutralized, and diluted to 
5.0 ml. Aliquots containing 0.03 to 0.45 um were diluted to 3.0 ml. and 
treated with 1.0 ml. of 0.025 per cent dinitrophenylhydrazine in 2 n HCl 
and with 6 ml. of 0.5 Nn NaOH under the conditions described above. The 
optical density was read in 19 mm. tubes in the Coleman junior spectro- 
photometer. 

The measurement of pyruvate formed gave a considerably more repro- 
ducible and sensitive determination of the extent of the enzymatic reaction 
than that of PEPA disappearance, particularly at low substrate concentra- 
tions. Initial experiments were performed by measurement of the change 
in iodine-labile phosphate; the limitations of this procedure led to the 
development and use of the assay based on pyruvate formation. 

Potassium Determination—Potassium was determined by means of a 
Perkin-Elmer flame photometer, by use of the lithium internal standard 
technique and potassium standards in the range 0 to 0.5 mM per liter. 

Protein Determination—Protein was estimated by the trichloroacetic acid 
turbidity method, according to a procedure based on that of Biicher (14) 
and Schwimmer and Balls (15). Turbidity was measured by light absorp- 
tion at 400 mu. The readings were calibrated against a bovine serum 
albumin solution, standardized by micro-Kjeldahl nitrogen determination. 

Enzyme Reaction System—The K* activation of pyruvie phosphoferase 
could be studied in relation to either of the two substrates, ADP or PEPA. 
The studies reported herein were concerned with the relation between K+ 
and PEPA, and it was thus necessary to have the ADP present in excess 
or unchanged concentration during the course of the reaction. This was 
achieved by use of an excess of hexokinase and glucose, the equilibrium of 
the hexokinase reaction being such as to assure rapid regeneration of ADP 
from any ATP formed as the reaction proceeded. In most of the experi- 
ments, the concentration of the ATP-ADP system was above 0.002 M, 
suficient for nearly maximum activity. In experiments in which ATP- 
ADP concentrations were less than that necessary for maximum activity of 


nce 

per 
the 

3, 

ra- 

M. 

all 
$0- 

he 
30- 

ol, 

0- 
m 

at 

|. 

n | 
k 


672 ANALYSIS OF POTASSIUM ACTIVATION 


the pyruvic phosphoferase, the only effect on the velocity measurements 
was that they were lower by a constant factor than the maximum otherwise 
attainable. 

A typical enzyme reaction mixture had the following composition: 0.04 
m THAM-HCI buffer, pH 7.4, 0.005 m MgSO,, 0.0021 m ATP, 0.15 m KCl, 
0.00136 m PEPA, 0.052 ml. of hexokinase solution in 2 per cent glucose, 
and 0.154 ml. of pyruvic phosphoferase (1:2000 dilution of a stock solution) 
in a final total volume of 1.50 ml. The buffer, MgSO,, hexokinase-glucose, 
and ATP were first incubated at 37° for 5 to 10 minutes; then water, K+, 
PEPA, and enzyme were added and the tubes incubated at 37° for the 
desired reaction interval. All solutions except enzyme were brought to 37° 
before addition and mixing. Additions were made from appropriate solu- 
tions with carefully calibrated Levy-Lang constriction micro pipettes. 

The THAM-HCI buffer had no effect on the rate of phosphate transfer 
in the range 0.01 to 0.08 m. At high buffer concentrations there occurred 
an inhibition of the reaction similar to that observed with higher concentra- 
tions of K+ and NH,*. Approximately maximum activity was reached 
when Mg*t* was present in concentrations of 0.002 to 0.003 Mo in trials with 
ADP added directly in place of ATP, hexokinase, and glucose. 

The reaction velocity under the conditions given above was linear with 
enzyme concentration and linear with time within experimental error when 
less than 40 per cent of the total PEPA present had reacted, except at 
PEPA concentrations below about 1.5 K 10-*m. At the lower phospho- 
pyruvate concentrations the initial velocities were approximated by extra- 
polation to zero time of plots of amount of reaction during a time period 
against the mid-point of the time period. Requisite corrections were not 
over 10 per cent and accurate velocity measurements with substrate con- 
centration well below the K,, were obtained; thus accurate evaluation of 
the K,, is allowed. 

Rabbit Muscle Pyruvic Phosphoferase—The enzyme used was partially 
purified by a combination of (NH,)oSO, and alcohol fractionation. 750 
gm. of fresh rabbit muscle were promptly ground and extracted in the cold 
with 3 liters of water, the pH during the extraction being maintained near 
6.0 by the addition of phosphate buffer. After low speed centrifugation, 
the pink, opalescent extract was brought to pH 5.1 with dilute acetic acid 
and to 0.3 saturation with (NH,)SO, by addition of (NH,4).S0O, solution 
saturated at 2°. After 3 days the precipitate was centrifuged and eventu- 
ally discarded, and the supernatant brought to approximately 0.65 satura- 
tion (2°) by the addition of 222 gm. of solid (NH,4).SO, per liter. After 3 
days the precipitate was collected by centrifugation, dissolved in 0.5 M 
THAM-HC1 buffer, pH 7.2, and dialyzed for 4 days at 2° against frequent 
changes of 0.005 m THAM-HCI buffer, pH 7.2. Insoluble material was 
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removed by centrifugation, the pH adjusted to 6.3, the solution cooled to 
near 0°, and 52 per cent ethanol (volume per volume) added carefully with 
stirring. The fractions which precipitated at 10 per cent ethanol and —4° 
and at 20 per cent ethanol and —9° were discarded after assay. The 
fraction that precipitated at 30 per cent ethanol and —10.5° was collected 
by centrifugation at 12,000 r.p.m. in a Servall high speed centrifuge at 
—5°, dissolved in 0.5 m THAM-HC1 buffer, pH 7.2, 0°, and dialyzed against 
frequent changes of 0.005 m THAM-HC1 buffer, pH 7.2. The insoluble 
material was removed by centrifugation and the solution stored in the 
refrigerator as a stock solution. 

The final fraction used for assay contained approximately 26 per cent of 
the activity of the original extract and represented an 8-fold purification 
over the original turbid extract, based on activity per unit of protein.’ 
The fraction which precipitated at 20 per cent ethanol and —9° contained 
approximately 28 per cent of the original activity and represented a 4-fold 
purification. The stock solution used for assay was sufficiently free from 
interfering enzymatic activities to be satisfactory for the studies; most 
important was that enolase activity was less than | per cent of the phos- 
phoferase activity. The stock solution was relatively stable over a period 
of 6 months in the cold; 1:200 dilutions were stable for 2 weeks in the cold; 
very dilute solutions deteriorated rapidly. Potassium ion exhibited a slight 
capacity to retard deterioration in dilute solutions, but cysteine none. The 
stock solution was found to be approximately 5 K 10-* mM with respect to 
both K*+ and NH,*; hence the dilute solutions used in the kinetic studies 
were essentially free of these ions. 


“EXPERIMENTAL 


Indispensability of Potassium Activation—tThe relation between K* con- 
centration and enzyme activity has been determined in several trials; some 
of the experimental results are given later in this paper. In the absence of 
added K+ the activity was never over 1.5 per cent of the maximum attain- 
able. By direct assay the complete reaction system contained about 1.5 
xX 10-* m K*. In view of the difficulty of estimating K* at such low 
concentration in the presence of a 100-fold excess of Na*, the K* assay may 
be regarded as an approximation only. Determination of ammonia by a 
micro diffusion procedure showed that the NH,* ion was present at about 
10-* m; thus the complete reaction system contained roughly 2 X 107-4 m 


* Kornberg and Pricer (16) have recently reported a procedure for the extraction 
of pyruvic phosphoferase from rabbit muscle in which is obtained a preparation 
roughly 2} times the activity of that used in these experiments and approximately 
equal in activity to the crystalline material of Kubowitz and Ott (17) prepared 
from human muscle. 
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total K*+ and NH,*. This amount could readily account for the residual 
1.5 per cent activity observed in the absence of added K+. The conclusion 
thus seems justified that K+ functions as an indispensable activator of 
rabbit muscle pyruvic phosphoferase. 

NH, and Rb* Activation—Both Rb*+ and NH,* are able to replace K+ 
as activators of the enzyme. In Figs. | and 2 are presented the velocity- 
concentration curves and the plots of Av versus A for these ions. Essen- 
tially identical results were obtained with several experiments with each 
ion. In the case of NH,* there is observed a decrease in velocity beyond 
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Fic. 1. The activation of pyruvic phosphoferase by NH,*. The initial velocity 
is expressed as micromoles of pyruvate formed per 10 minutes. The assay condi- 
tions were as described in the text with 1.2 K 10° m PEPA and 1.4 X 10°-* m ATP. 
(a) Velocity versus NH,* concentration. Curve I, the experimental data; Curve 
II, the theoretical curve based on K, = 0.008 mM. (b) A/v versus A plots. Curve I, 
the line based on the first seven points; Curve II, the least squares fitted line based 
on the first eight points. K, for Curve I = 0.010; K4 for Curve II = 0.008. 


approximately 0.035 m NH,*. This decrease at relatively low NH,* con- 
centrations makes difficult accurate evaluation of the Michaelis constant, 
K.,. By excluding points at which inhibition was evident, calculations 
gave a value of 0.011 m for K ,. 

In the case of Rb+ a decrease from the maximum velocity was noted 
with Rb*+ concentrations of 0.065 m or greater (Fig. 2), and K 4, calculated 
by using points free of evident inhibition, was approximately 0.01 m. All 
three ions, K+, Rb+, and NH,*, were thus observed to have values of K 4 
close to 0.011 M. 

By comparing the reaction velocities obtainable for a given enzyme con- 
centration with each of the three ions at those concentrations at which the 
velocity-concentration curves passed through their maximum values, there 
are obtained the following relative values: K+: Rb+: NH,*+ = 1.00:0.84:0.72. 


 — 
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The potential enzymic activity obtainable with K* is thus greater than that 
for the other cations. 

_ The inhibition of the reaction velocity at the higher concentrations of 
K+, NH,*, and Rbt may be the result of ionic strength effects or of com- 
bination of the enzyme with ions present to give inactive forms. The 
occurrence of inhibition by excess activator at lower NH,* and Rb*+ concen- 
trations than K+ concentrations suggests that combination of the enzyme 
with additional monovalent cations is responsible for the inhibition. The- 
oretical curves based on such considerations are in harmony with the 
experimental data. 
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Fic. 2. Rubidium activation of pyruvic phosphoferase. The initial velocity is 
expressed as micromoles of pyruvate formed per 10 minutes. The assay conditions 
were as described in the text with 1.3 10°?m PEPA and18 X ATP. (a) v 
versus Rb*+ curves. Curve I, experimental; Curve II, theoretical curve based on 
K,4 = 0.0094. (b) A/v versus A plot for the first nine points. 


Action of Ca++, Lit, and Na+—No pyruvate was formed when several 
concentrations of Ca++ were added in place of K+. Low concentrations of 
Cat+ inhibited activation of the enzyme by K+; with K* at 0.05 m and 
0.002 m Cat*+ (K+/Cat* =. 25), approximately 50 per cent inhibition was 
observed. Addition of further K+ reversed the Cat*t* inhibition appreci- 
ably, but not completely. For a more detailed analysis of the inhibition, 
the effect of variation of K+ at different concentrations of Ca** was studied. 
Plots of A/v against A at three different concentrations of Ca*++ are shown 
in Fig. 3. The possible nature of Ca** inhibition is discussed later in this 
paper. 

Nat was found to possess a real but weak activating capacity. Lit gave 
little or no activation. Both these ions were found to counteract K*, as 
shown by the data of Fig. 4, but the nature of Lit and Nat inhibition was 
not subjected to a more detailed study. 
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Fic. 3. The relation between A* activation and Ca** inhibition of pyruvic phos- 
phoferase. The assay conditions were essentially as described in the text. Enzyme 
and Ca** were incubated together for 40 minutes before being added to enzyme re- 
action tubes containing K* and other components. 

Fia. 4. The inhibition of K* activation of pyruvie phosphoferase by Li* and Na’. 
The assay conditions were as described in the text with 0.055 m K* and 1.2 X 10° 


M PEPA. 
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Fic. 5. The relation between K* concentration and reaction velocity at three 
fixed concentrations of PEPA. The initial velocity is expressed as micromoles of 
pyruvate formed per 10 minutes X 100. The assay conditions were as described 
in the text. The dotted lines represent theoretical curves in the absence of inhibi- 
tion by excess Kt. 

Fic. 6. The relation between PEPA concentration and reaction velocity at three 
fixed concentrations of Kt. The assay conditions were as described in the text. 
The initial velocity is expressed as micromoles of pyruvate formed per 10 minutes 
xX 100. 


XUM 


| 
t 
t 
8 
a 
\ 
S 
\ 
0 
Va 
at 


J. F. KACHMAR AND P. D. BOYER 677 


Kinetic Studies of K* -PEPA Interaction—-For the desired kinetic anal- 
yses, the velocities of phosphoferase reaction were measured over a range 
of PEPA concentrations at three different values of K* and over a range 
of K* concentrations at three different values of PEPA. In different 
experiments the velocities obtainable under optimum conditions (0.15 mM 
kt, 8 X 10-4 m PEPA) were determined in order to obtain a measure of 
the respective enzyme concentrations. This allowed calculation of all re- 
sults on a basis of equivalent concentrations of enzyme. The data in Fig. 5 
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Fic. 7. Plots of A/v versus A for the data of Fig. 5 relating reaction velocity and 
K* concentration for three fixed concentrations of PEPA. The lines are drawn on 
the basis of least squares treatment of the data. 

Fig. 8. Plots of S/v versus S for the data of Fig. 6 relating reaction velocity and 
PEPA concentration. The lines are drawn on the basis of least squares treatment of 
the data. 


show that at all three fixed concentrations of PEPA no activity was ob- 
served, within experimental error, in the absence of potassium. Also, at 
all three values of PEPA the velocity decreased at K+ concentrations 
greater than 0.15 m. The curves of Figs. 5 and 6 show typical Michaelis- 
Menten relationships at the various concentrations tested. Reasonably 
good straight lines were obtained in plots of A,/v against A and S/v against 
S (substrate) as shown in Figs. 7 and 8. 

The values of the slopes, intercepts, Ks, and A 4 (corresponding to 
Michaelis constants and equivalent to the ratios of intercepts to slopes) 
obtained from the data are listed in Table I. These results show that the 
values of Ks and K 4 were constant within reasonable experimental error 
at the three different concentrations studied in the respective experiments. 
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For similar conditions other measurements of K , gave values of 0.0108, 
0.0113, 0.0179, and 0.0107 . 


TABLE I 


Values of Slopes, Intercepts, Kg, and K,4 Obtained from Plots of S/v versus S and A/s 
versus A of Velocity-Concentration Data 


S/o vs. S plot A/v vs. A plot 
Kt x Slope Ks X 105 |PEPA X 105) Intercept Slope Ka 
M M 
0.008 1.93 22.09 8.72 5 0.312 28 .50 0.0109 
0.025 1.08 12.62 8.54 12 0.187 16.87 0.0111 
0.147 0.754 8.76 8.61 84 0.121 9.83 0.0123 
Average.... 8.62 0.0114 


DISCUSSION 


Explanations of the activation by K* in terms of present concepts of 
enzyme action are most logically based on the assumption of formation of 
a complex of enzyme, activator, and substrate. The six possible reactions 
between enzyme (£), activator (A), and substrate (S), leading to the 
formation of a ternary complex, HAS, which undergoes reaction to give 
products, are as follows: 

1)E+S ES (4) ES | 
(2) E+A EA (5) FA+8S 7? EAS—E+A + products 
3)S+A SA (6)SA+E 


The dissociation constants for the various Reactions 1 to 6 may be denoted 
by Ky, Ke...Ke. The ternary complex could be formed by one or more 
of the following pathways: I, Reactions 1 and 4; II, Reactions 2 and 5; 
or, III, Reactions 3 and 6. The reactions may proceed in such a manner 
that the concentrations of the various components present are essentially 
the equilibrium concentrations as determined by the various dissociation 
constants involved (equilibrium conditions). Alternatively, the concen- 
trations of the components, although remaining nearly constant over 4 
given time period, may deviate considerably from the equilibrium values 
(steady state conditions). The derivation and form of the velocity equa- 
tions for enzyme activation reactions have been discussed elsewhere (7). 
The results of the kinetic studies of K+ activation lead to elimination of 
some of the possible reaction pathways and allow a likely but not. final 
choice between the remaining alternate possibilities. Compulsory reac- 
tion by Pathway III requires that the velocity-substrate concentration 
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curve for a given suboptimum fixed value of A be superimposable on the 
velocity-activator concentration curve for the same fixed value of S. This 
is not in accord with the experimental results and hence this mechanism 
ean be eliminated from further consideration. 

Compulsory reaction by Pathway I under equilibrium conditions is ruled 
out because this path requires a constant slope in the plots of A/v versus A 
for all concentrations of SS, whereas actually the plots given in Fig. 7 show 
pronounced changes in both intercepts and slopes.> Analogously, Pathway 
II can be eliminated. If equilibrium conditions prevail, the change in both 
the slopes and intercepts is consonant with a combination of Pathways I 
and II describing the enzyme reaction. This possibility is regarded as the 
most probable description of the enzyme reaction mechanism. If such is 
the case, the constancy of the intercept-slope ratio (values of Ks and K 4) 
could only occur if AK, = K,;and K, = K,4;§2.e., if the affinity of the enzyme 
for the substrate is unaffected by a previous bonding with activator and 
vice versa (7). Under these conditions the combination of reaction Path- 
ways I and II leads to a relation between velocity and concentration of A 
and S as follows: 


¢AS 
KiKs + KS + KgA + AS 


v 


where ¢ is the maximum attainable velocity with excess A and S. A com- 
bination of Pathways I and II under steady state conditions leads to 
non-linear plots of A/v versus A and S/v versus S and thus, within experi- 
mental error, this possibility may be eliminated from consideration. 

If steady state conditions prevail, the assumption that Pathway I alone 
or Pathway II alone describes the enzyme reaction would give results in 
conformity with the experimental data. The differentiation between such 
steady state and equilibrium conditions with independent combination of 
A and S requires an independent means of measuring K, or Ky. From 
previous considerations (7) it may be deduced that the observed constancy 
of the intercept-slope ratio for the S/v versus S and A/v versus A plots 
would be observed under steady state conditions only if certain relation- 
ships existed between some of the specific reaction rate constants. Such 
relationships appear less probable than the existence of equilibrium condi- 


‘>The values of the slopes and intercepts would be interchanged in these plots if 
1/v versus 1/A and 1/v versus 1/S plots were used, in correspondence with the equa- 
tions given by Segal et al. (7). 

‘The experimentally obtained values for the ratio of intercept to slope appear 
constant within about 10 per cent; the experimental error was of about this same 
order of magnitude. Therefore, the results would not permit demonstration of a 
real difference between K, and Ky, (or Ke and K;), if they differed roughly by less 
than 15 to 20 per cent. 
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tions, and therefore it appears that the pyruvic phosphoferase reaction 
mechanism is best described by assuming independent combination of K- 
and PEPA with the enzyme under equilibrium conditions. 

Some deductions may be made as to the number of essential potassium 
ions bound per enzyme molecule. If, for each reactive site for phospho- 
pyruvate, more than 1 K* has to be bound for full activation of the 
enzyme, the velocity should be related to a higher power of the K* concen- 
tration. As shown in Fig. 7, a straight line relationship was obtained 


TaBLe I] 
Values of Certain Physical Properties of Alkali Ions and NH, 


lonic 


| Relative No. of HeO radius 


Ton Hetimated radius of hydrated ion ~~ hydrated | 
ata 
A A | A A 

Lit 10.03* 2.30f 13.98 6.5! 0.60% 33.3** 

Nat | 1 8.4 | 3.5 | 0.95 | 43.4 

K* | §.82 | 1.98 1.22 5.4 1.9 1.33 | 64.6 

1.48 | 64.7 

Rb* «5.09 1.17 | @.1) | 1.0 | 1.48 (07.8 

Cs* 5.03 4.8 1.69 68.0 

Cat* | | | 3.05 | 0.99 | 51.9 (4 Ca**) 
Mg*+ | 3.44 0.65 | 45.9 (4 Mg**) 


* Jenny (18); cf. also Nachod and Wood (19). 

+t Gorin (20). 

t Moelwyn-Hughes (21). 

§ Based on International Critical Tables (22), assuming 4 for hydration number 
of Cl” as given by Taylor and Taylor (23). The value of Rb* is interpolated. 

|| Robinson and Stokes (24). | 
Pauling (25). 
** Taylor and Taylor (23). 


with a plot of A/v versus A, indicating that only 1 K* needs to be bound 
per phosphopyruvate bound for full activation. 

The observed activation of the enzyme by K+, NH4*, and Rbt, together 
with its inhibition by Na* and Li*, strongly suggests that some distinctive 
characteristic which K+, NH,*, and Rb* have in common is essential for 
the activation. Consideration of available data suggests that perhaps 
those properties of the ions associated with their hydration (summarized 
in Table II) allow explanation of the experimental observations. The 
three active ions, K+, NH,*t, and Rb*, have values for ionic radii in crys- 
tals, ion mobility, and estimated size of hydrated ion which are approxi- 
mately alike and significantly distinct from those for the inactive ions. 
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It seems probable that the active and inactive ions both combine with the 
same negatively charged site (or sites) on the enzyme. Such combination 
could logically involve some displacement of adjoining structures, and cata- 
lytic activity may be associated with a critical amount of such displace- 
ment. Whether the combination would be accompanied by a displacement 
governed by the dimensions of the hydrated or the unhydrated ion is un- 
certain. 

Nature of Cat* Inhibition——This is of interest because of the well recog- 
nized biological antagonism between Cat+ and K+. The results clearly 
show that inhibition by low Cat* concentrations can be partially overcome 
by increase in the K* concentrations; 7.e. that the inhibition is, in part, 
competitive. However, the observed effects of Ca** inhibition (Fig. 3) 
appear complex and are not in agreement with equations describing various 
commonly considered types of inhibition (7). As shown in Fig. 3, the 
plots of A/v versus A at different Cat* concentrations do not have a com- 
mon slope. Further, the ratios of slope to intercept decrease with increas- 
ing Ca** concentration and plots of //v versus Cat* at different K* concen- 
trations do not yield straight lines. Consideration of these results suggests 
that Ca** has both “apparent competitive” and ‘‘non-competitive”’ effects 
in relation to K*+. More definite conclusions would require study of pos- 
sible antagonistic effects between Cat+*+ and Mg**, the other activating ion 
for the enzyme. 


SUMMARY 


A detailed kinetic analysis of the interaction of K* and phosphopyruvate 
with rabbit muscle pyruvic phosphoferase has been made. The indispen- 
sability of K+, NH,*, or Rb* for the activity of the enzyme has been dem- 
onstrated and the Michaelis constants for these ions have all been found 
to be close to 0.011 m. Lit and Na* counteract K* activation. 

Measurements of the Michaelis constants for K* at different concentra- 
tions of phosphopyruvate and for phosphopyruvate at different concentra- 
tions of K*+ have shown that the respective Michaelis constants remain 
essentially constant. The average values were A, = 0.0114 m for Kt 
and = 8.6 m for phosphopyruvate. 

From kinetic considerations various possible mechanisms of the K* ac- 
tivation have been eliminated. The data point to independent combina- 
tion of the K+ and the phosphopyruvate with the enzyme under equilib- 
rium conditions to form an active ternary complex. However, final choice 
between this reaction pathway and a compulsory combination of K*+ with 
either free or substrate-bound enzyme under “‘steady state” conditions is 
not at present feasible. 
| The inhibition of pyruvic phosphoferase by Cat* appears complex. In 


682 ANALYSIS OF POTASSIUM ACTIVATION 


part the Ca** inhibition can be overcome by increase in the K+ concentra- 
tion; this portion appears to be of the “apparent competitive” type. In 
addition Cat* exerts an inhibitory effect which cannot be removed by in- 
creasing K+ concentration. 


A simple procedure for partial purification of rabbit muscle pyruvic 


phosphoferase and a convenient method of enzyme assay based on meas- 
urement of the amount of pyruvic acid formed are described. 
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METABOLISM OF CHOLESTEROL IN THE CHICK EMBRYO* 
I. THE SYNTHESIS OF CHOLESTEROL 


By WILLIAM M. STOKES, WILLIAM A. FISH, anp 
FREDERICK C. HICKEY, O. P. 


(From the Research Laboratory of Providence College and St. Joseph’s Hospital, 
Providence, Rhode Island) 


(Received for publication, June 27, 1952) 


The metabolism of cholesterol in the chick embryo has been investigated 
by means of balance experiments and by the use of deuterium oxide as 
an indicator. The majority of balance experiments suggested a net syn- 
thesis (1), but Dam (2) concluded after careful experimentation that this 
had not been established. Similar investigations in this laboratory with 
52 eggs confirm this conclusion. 

Rittenberg and Schoenheimer (3) were unable to demonstrate the in- 
corporation of deuterium into the cholesterol of fertile eggs incubated in 
the presence of added deuterium oxide. However, the results of Bernhard 
(4) indicated a significant deuterium content in the cholesterol of the 
embryo. Our early experiments with eggs incubated for 14 days with 
injected carboxyl-labeled sodium acetate support Bernhard’s results. The 
work reported here was undertaken to obtain information concerning the 
continuity, site and time of synthesis, and possibly the rate of degradation. 


Materials and Methods 


The sodium acetate, labeled in the carboxyl group with C'*, was prepared 
by the method of Lemmon (5). Its specific activity, 6.606 & 10° ¢.p.m. 
per mg., was determined by plating aliquots and counting them at infinite 
thinness under a thin window 8-ray counter. The embryo sterols were 
isolated as the digitonides, slurried into stainless steel dishes, and counted 
as samples of finite thickness. Their specific activity at infinite thinness 
had to be calculated by means of a self-absorption curve for cholesterol 
digitonide. As the embryo sterols had insufficient activity to insure ac- 
curate counts near infinite thinness, a more highly labeled cholesterol 
prepared (for other purposes) by published methods (6-8) was used for 
this self-absorption curve. 

Rhode Island red eggs were incubated at 39° + 1°. At varying intervals 
after 10 days incubation, the eggs were injected through a small hole drilled 
into the blunt end of the egg. The usual dose was 5.45 mg. of sodium 


* Aided by a research grant from the Damon Runyon Memorial Fund for Cancer 
Research, Inc. 
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acetate in 0.5 ml. of water. The hypodermic needle was inserted approyxi- 
mately 3 inch beneath the air space close to the inner shell surface. The 
hole was sealed with melted paraffin. 

At various times after injection the eggs were divided into four portions, 
embryo, yolk sac, other embryonic membranes, and the remainder, in- 
cluding the yolk. The first three portions were thoroughly washed and 
weighed. The washings were added to the remainder. The embryo and 
membranes were hydrolyzed by heating on a water bath for 1 hour with 
approximately twice their wet weight of 7 N 50 per cent KOH solution, 
The homogeneous hydrolysates were then treated with additional KOH 
pellets to insure a complete hydrolysis of cholesterol esters (2). The 
remainders were homogenized in a Waring blendor and an aliquot was hy- 
drolyzed as above. The hydrolysates were washed with distilled water 
into separatory funnels and extracted with two 50 ml. portions of ether. 
Each ether extract was washed separately with two 25 ml. portions of dis- 
tilled water and these washings, together with the aqueous phase, were 
then extracted with 100 ml. of ether. All ether extracts were combined and 
washed with 25 ml. of 0.05 N sulfuric acid, followed by a wash of 25 ml. 
saturated sodium carbonate solution, and then dried over sodium sulfate. 
Convenient aliquot pairs of the filtered extracts were taken to dryness 
under a current of air and the residues were converted to the digitonide by 
the method of Windaus (9) and determined gravimetrically. When a 
mixture of cholesterol and active sodium acetate was subjected to the 
above procedure, the digitonide was non-radioactive, thus eliminating the 
possibility of contamination by acetate. — 

The pooled cholesterol from embryos which had developed for 168 and 
240 hours after injection was converted to the digitonide, which was 
then cleaved and converted to the cholesterol dibromide. The dibromide 
was recrystallized twice from acetone. The relative molar activities of 
the digitonide, crude sterol, and the dibromide were 1.00, 1.016, and 0.988, 
respectively. Counter-current separation indicates that approximately 95 
per cent of this crude sterol shows the partition coefficient of cholesterol 
and contains all the activity. Hence contamination by non-sterol substance 
is negligible in this material. However, counter-current separation of the 
material from digitonides obtained during the first 16 hours after injection 
indicates the presence of other components, the identification of which 
is now being undertaken in this laboratory. In conformity with the com- 
mon usage, the term cholesterol will be used for digitonin-precipitable 
material. 


RESULTS AND DISCUSSION 


Experiment 1—Eggs of 10, 12, and 14 days incubation were injected 
with 0.5 ml. of acetate, those of 16 and 18 days with 1.0 ml. At the end 
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‘i- of an additional 24 hours incubation they were sacrificed and separated 
he as described above. The digitonin-precipitable materials were isolated 
from the embryos, weighed, and counted. The results are summarized 
IS, in Table I. ‘ 
n- 
id TaB_Le I 
id Conversion of C'4-Labeled Acetate into Cholesterol in 24 hours 
th | Average 
n. No. of embryos | Age at sacrifice | 
| | | Digitonide | C.p.m. per mg. | Conversion 
e 
v. days | gm. meg. | | per cent 
3 11 | 2.9 2.2 1268 0.089 
T. 2 15 | 12.1 | 130.3 | 93.5 0.338 
re 2 19 25.8 392.7 51.6 0.281 
id 
II 
©. Distribution and Synthesis of Cholesterol in Embryo (E.), Membranes (M.), Yolk 
SS Sac (Y.S.), and Remainder (R.) 
: A hol | digitonide, Specific activity, 
a No. of Hire. Per cent conversion 
E. | M./Y.S.* R. E. | M. ly.s} R. | | M. R 
3 2 37.9 | 9.9 36.01153.8) 47.2, 62.2 4.4) 0.1 0.0500.017 0.005 0.003 
d 3 6 31.6 | 4.8) 43.2 1067.8 59.7 246.5 6.3) 0.2 0.052 .008)0 .007 
is 3 10 30.9 | 5.1) 37.8)1087.9 153.9 431.117.5) 0.7 
le 2 16 37.8 | 7.2) 46.0 910.4351 .1 884.2/23.1 1.6 
if 2 32 41.7 | 7.6) 73.8 887.9 133 .9}406 .5)10.3 1.3 
2 48 54.5 | 6.7) 64.3 984.0 133.9 960.9 18.7} 2.1 0. 203)0.179/0 .033/0 .057 
3 120 177.2 |10.5:193.0 801.1 73.0:520.7 1.6 1.9 0.359 0. 152)0 .009)0 .043 
4 168 | 267.3 |12.8,277.0 575.8 59.7/281.9 1.8) 2.8 0.443 0.1000.014/0.045 
4 | 240 | 472.5 | 7.8109.6, 459.1 31.2, 98.3, 1.8, 2.0 0.40910 .021 0 .005/0.025 
. * The yolk sac includes an unavoidable amount of yolk. 
h It is obvious that cholesterol is continuously being synthesized from the 
acetate and that the apparent rate of conversion is greatest towards the 
" end of incubation, at which time it is approximately constant. 
Experiment II—Thirty-two eggs were injected with 0.5 ml. of acetate 
at the end of the 10th day of incubation. The embryos of six subsequently 
died; the rest were sacrificed and separated at intervals of 2, 6, 10, 16, 32, 
j 48, 120, 168, and 240 hours additional incubation. Table II shows the 
| percentage of injected radiocarbon found in the digitonin-precipitable 
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fractions of each portion at the various intervals of incubation follow- 
ing injection. 


Membranes 


The term membranes will be used, for convenience, to indicate only the 
allantois, chorion, and amnion, with the allantois being by far the largest 
of the three. Preliminary counts on the digitonide from the membranes of 
the eggs treated in Experiment I indicated a very high specific activity, 
This indication was verified by the more detailed observations of Ex- 
periment II where, at 48 and 120 hours after injection, the specific activity 
of the membrane cholesterol was 7 times greater than that of the embryo. 
At the close of incubation the ratio declined to approximately 3. 

The cholesterol content of the membranes is always small and relatively 
constant; their wet weight is also nearly constant with a slight increase 
towards the end of incubation. Thus while the embryo increases in weight 
approximately 30 gm., the membranes increase but 0.5 gm., and finally 
represent only about 2 per cent of the increase in living tissue. Table II 
shows the sharp decline in both specific activity and percentage conversion, 
indicating a rapid turnover of cholesterol in the membranes. Since they 
are now in a state of relatively slow growth, their cholesterol turnover is 
more comparable to that of adult tissue. 

It is not intended here to neglect the fact that the acetate was injected 
into the allantois and that only the acetate which escaped metabolism in 
this tissue reached the embryo. 


Embryo 


A rapid rise of cholesterol activity during the time interval immediately 
following injection was anticipated due to a rapid absorption and conver- 
sion from the highly labeled acetate injected. Experimentally, this was 
found to be true. The activity rose during the first 16 hours but, unex- 
pectedly, declined sharply during the next 16 hours. The probable causes 
of this drop are as follows: (1) At the end of this time the supply of injected 
acetate is exhausted, the portion not converted to carbon dioxide being 
incorporated into larger molecules; and (2) the newly synthesized choles- 
terol is highly labeled but not completely mixed with that already present 
in the tissues, so that a small degradation of newly formed cholesterol 
would represent a significant loss of activity. 

After 32 hours from injection, the total activity in the embryo rises at 
first and then levels off. The first source of this increase is the intraem- 
bryonic synthesis from a reservoir of labeled molecules. Fatty acids are 
known to constitute the bulk of material metabolized during the latter 
half of incubation, and it can be assumed that the cholesterol synthesized 
during this period derives most of its carbon from a fatty acid pool labeled 
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by the injected acetate. If complete mixing of embryo and assimilated 
yolk fat is assumed, the rate of loss of activity from such a pool can be com- 
puted from the data of Murray (10), Sakuragi (11), and Idzumi (12) for 
the daily fat content of the embryo and yolk. The theoretical curve 
for the cumulative loss of activity from the fat parallels the observed 
appearance of activity in the cholesterol of the embryo. 

The second source of increased activity is the migration of activity from 
the membranes to the embryo. If one assumes the existence of a dynamic 
equilibrium between the cholesterol of the membranes and that of the 
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Fic. 1. The percentage distribution of the total activity in the digitonin-precipi- 
table fraction among the various components of the egg at various intervals after 
injection of carboxyl-labeled sodium acetate. At any time, the distance from the 
base-line to the lower curve gives the percentage activity in the embryo, the distance 
between the lower and upper curves, that in the membranes, and the distance from 
the upper curve to the top of the figure that in the yolk sac and remainder. 


other living tissues, such an equilibrium would imply a net transfer of 
highly labeled cholesterol from the membranes to the embryo, accom- 
panied by the substitution in the membranes of less highly labeled molecules 
from other sources, primarily the embryo. When the distribution of ac- 
tivity among the fractions is plotted against time (see Fig. 1), it is observed 
that the percentage of activity in the embryo increases with age while 
that of the membranes shows a sharp decline and that of the remainder is 
fairly constant. This shift of activity is also noticeable when the absolute 
amounts of activity are compared. 


Yolk Sac, Remainder, and Total Egg 


At 48 hours after injection, the total activity of the cholesterol of the 
yolk sac was less than 7 per cent of that of the egg and during the re- 
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mainder of incubation declined to less than 1 per cent. Also, at 48 hours, 
the total activity of the yolk sac was approximately 7 times greater than 
at the close of incubation. This loss is correlated with the absorption of 
cholesterol from the yolk. During this same time interval, a similar loss 
is noted for the remainder of the egg, the activity declining from 12 to 5 
per cent. The specific activity of the remainder was extremely low but 
did not vary within the precision of the counting procedure. 

The variation in the total activity of the complete egg with time is 
shown in Fig. 2. After the initial rise and decline, the activity again 
increases between 32 and 168 hours. During this period the incorporation 
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Fic. 2. The incorporation of C into the digitonin-precipitable fraction of the 
total egg at various intervals after an injection of carboxyl-labeled sodium acetate. 


of C™ into cholesterol proceeds at a much faster rate than the loss of ac- 
tivity due to cholesterol degradation. Since the pool of labeled carbon 
atoms available for this synthesis is being depleted during this period, the 
gain in activity must indicate a minimal net synthesis. A net loss is 
observed between 168 and 240 hours, which, however, is significant only 
at the level of 70 per cent (Fisher’s 4). Information on the fraction of total 
injected activity present in the fat would be required to calculate quan- 
titatively cholesterol synthesis and degradation. 


SUMMARY 


Injected carboxyl-labeled sodium acetate is continuously incorporated 
into the cholesterol of the fertile hen’s egg during the latter half of incuba- 
tion. The magnitude of incorporation averaged less than 0.5 per cent of 
the injected activity over a 24 hour period. The largest percentage con- 
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version occurred in the embryo proper at all times. However, the specific 
activity of the cholesterol of the membranes was always much greater 
than that of the embryo. Towards the close of incubation, a shift of 
activity occurs to the embryo from all the embryonic membranes. Two 
peaks of C™ incorporation into cholesterol are evident, one at approximately 
16 hours after injection, indicating conversion from injected acetate, the 
other at 168 hours, measuring the conversion from a reservoir of labeled 
molecules, probably fat. 
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THE DIRECT PREPARATION OF CRYSTALLINE UROBILIN 
FROM BILIRUBIN* 


By C. J. WATSON 


(From the Department of Medicine, University of Minnesota Hospital, 
Minneapolis, Minnesota) 


(Received for publication, August 21, 1952) 


In 1871 Maly (1) first described the amalgam reduction of bilirubin with 
formation of the substance which he called “‘hydrobilirubin.” This was 
an amorphous pigment with many characteristics similar to Jaffe’s urinary 
urobilin, described but 3 years earlier (2). Fischer (3) in 1911 first pre- 
pared the crystalline leuco compound of bilirubin, which is now known 
as mesobilirubinogen or urobilinogen. There is little doubt that Maly’s 
hydrobilirubin was a mixture of several dehydrogenation products of meso- 
bilirubinogen (4). Crystalline urobilin (‘‘K-urobilin’’) was first prepared 
from mesobilirubinogen by the writer (5, 6) in 1933. The method was 
slow and the yield very small. Siedel and Meier (7) later modified the 
method slightly and improved the yield, but it was still far from satis- 
factory. Siedel and Meier employed the designation “‘urobilin I[Xa@’’! which 
has come to be rather generally accepted, although the term I Xa! is equally 
applicable to stercobilin as isolated from feces and most urine samples 
exhibiting excesses of urobilin or urobilinogen. The terminology of these 
compounds has been unsatisfactory, owing in part to the historical usage of 
these latter terms to indicate any natural pigment or chromogen exhibiting, 
respectively, characteristic absorption at 490 my and green fluorescence 
with zine, and an Ehrlich aldehyde reaction with maximal absorption at 
565 mu. The isolation of crystalline stercobilin from feces and urine in 
1932 and 1933 (8, 9), and the demonstration that it was distinct from the 
erystalline urobilin obtained in vitro by oxidation of mesobilirubinogen, 
made it clear that the term urobilin as earlier employed really referred to 
more than one compound. Stercobilin is strongly levorotatory (10), while 
urobilin IXq@ prepared from mesobilirubinogen is optically inactive. The 
later isolation of a dextrorotatory urobilin from human fistula bile (11), and 
more recently from feces of patients receiving aureomycin or terramycin 
(12), further served to emphasize the group character of the term urobilin. 


* This work was sponsored by the Commission on Liver Disease of the Armed 
Forees Epidemiological Board and supported by the Office of the Surgeon General, 


Department of the Army. 
' Relating to the configuration of the parent protoporphyrin IX and the a-methene 


bridge which is split out. 
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From the standpoint of clinical chemistry, it seems best to retain it in this 
sense, since the ordinary time-honored tests for urobilin and urobilinogen, 
z.e. green fluorescence with zinc and the Ehrlich aldehyde reaction, do not 
permit distinction between members of the group. In the following, how- 
ever, the term urobilin will apply only to the optically inactive dehydro- 
genation product of mesobilirubinogen. The term stercobilin is reserved 
for the levorotatory compound isolated from the feces, except where the 
fecal flora has been affected by certain antibiotics, such as aureomycin or 
terramycin. The compound isolated under these circumstances, and from 
infected human bile, is designated d-urobilin. New information about the 
characteristics and composition of this substance will be described in a 
separate communication. 

In recent years an old method of oxidizing chromogens to their respective 
pigments, z.e. dehydrogenation with iodine, has been carefully reexamined 
and found to be of much value if used according to the technique to be 
described. Earlier experience with iodine in aqueous solution had generally 
been disappointing, the results being rather inconsistent, with excessive 
oxidation in many instances. For some time now it has been customary 
to carry out the dehydrogenation in an organic solvent such as petroleum 
ether. The principle of the method is simply to shake an aqueous solution 
of iodine together with a petroleum ether solution of the urobilinogen in a 
separatory funnel. The iodine leaves the aqueous phase and dehydros 
genates the urobilinogen, the resulting urobilin at once entering the aqueous 
phase, leaving the iodine in the petroleum ether. This principle has now 
been applied to a simple method of direct conversion of bilirubin to crystal- 
line urobilin, as described in the present communication, and also to a new 
and much more rapid method of isolating crystalline stercobilin or d-uro- 
bilin from feces or urine, which is described in the companion paper. 


Method 


50 mg. of crystalline bilirubin? are mixed with 0.2 cc. of 0.1 N NaOH 
and 0.8 ce. of distilled H.O in a 5 ce. bottle which can be tightly corked. 
5 gm. of 4 per cent sodium amalgam, first washed very briefly with distilled 
water, are then placed in the flask which is corked and shaken for 1 hour. 
At the end of this time the color is a very pale yellow. The solution is 
diluted with distilled water, placed in a separatory funnel, and covered 
with 300 cc. of petroleum ether (b.p. 30-60°). The aqueous phase is then 
acidified to pH 5.0 to 6.0 with buffered glacial acetic acid (1 part of satu- 
rated aqueous sodium acetate solution to 4 parts of glacial acetic acid) and 
immediately shaken vigorously with the petroleum ether. After separa- 
tion of the latter the aqueous phase is shaken twice more with 150 to 200 


2 Armour and Company, Chicago, Illinois. 
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ec. portions of petroleum ether. The combined petroleum ether solution 
is washed twice with distilled water. A 1.0 cc. portion is used for a quanti- 
tative Ehrlich determination (13). The optimal amount of iodine is ap- 
proximately 0.45 mg. per mg. of mesobilirubinogen. The solution of the 
amount determined is prepared by adding the appropriate amount of a 
stock 1 per cent ethanolic solution of iodine to 200 cc. of distilled water. 
The petroleum ether solution is then shaken vigorously with four 50 cc. por- 
tions of this solution, these being drawn off and pooled. A small amount 
of brown precipitate having mesobilifuscin characteristics is noted at the 
interphase of the two solvents. This is left behind. The combined aque- 
ous solution presents an orange-yellow color, often with a very slight 
pinkish cast due to a small amount of mesobiliviolin-mesobilirhodin forma- 
tion. If an amorphous bilirubin is used at the outset, it is necessary at 
this point to wash the aqueous solution with ethyl ether to remove certain 
unidentified colorless impurities which otherwise appear at the stage of 
erystallization and offer difficulty in separation from the crystals. The 
aqueous solution exhibits intense urobilin absorption. It is then acidified 
to about 1.0 n HCl by addition of 7.5 N HCl, after which the urobilin 
hydrochloride is extracted by repeated shaking with small amounts of 
CHCl,;. The latter is combined, filtered through CHC1;-moistened paper, 
and concentrated under reduced pressure to a residual syrup of 1 to 2 ce. 
To this, several ec. of hot acetone are added, and crystallization usually 
commences at once in the form of small, often boat-shaped prisms. Yield, 
about 30 per cent. Data for a typical run were as follows: 51.2 mg. of 
crystalline bilirubin were employed. The petroleum ether extract after 
reduction, as above, contained 45 mg. on the basis of the Ehrlich aldehyde 
color. A total of 24.8 mg. of iodine in water was used in dehydrogenating 
the mesobilirubinogen. 16.8 mg. of crystalline urobilin hydrochloride were 
obtained from acetone, as described above, a yield of 32 per cent. 

The procedure is readily applied to larger amounts of bilirubin. Data 
for such a run were as follows: 300 mg. of amorphous bilirubin® were mixed 
with 4.0 ec. of 0.1 N NaOH and with 6 gm. of 4 per cent sodium amalgam 
and shaken in a 15 ee. flask for 1 hour. At the end of this time the solution 
was pale yellow. The solution was removed and diluted to 200 ce. with 
distilled water. The solution was then acidified and extracted with pe- 
troleum ether as described above, a total of 1.5 liters being used. This 
contained 184 mg. of urobilinogen, on the basis of the Ehrlich reaction. <A 
total of 83 mg. of iodine was used to convert to urobilin, which was ex- 
tracted with a total of about 1.5 liters of water. This was washed twice 
with ether, then weakly alkalized with NasCO;, and washed twice with 
ether again. The solution was then acidified with 7.5 N HCl to approxi- 
mately 1.0 x. The urobilin hydrochloride was extracted and crystallized 
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as described in the foregoing. Yield, 130 mg., or 26 per cent. In other 
runs amounts ranging from 100 to 500 mg. of bilirubin have been employed, 
with yields ranging from 25 to 36 per cent. It appears, however, that 
smaller percentages are to be expected when amounts of bilirubin in the 
neighborhood of 10 mg. are employed. ‘Thus, in one run with a starting 
amount of bilirubin of 10.1 mg., the yield was 1.92 mg., or 19 per cent. It 
was interesting to compare this with another run in which the starting 
material was mesobilirubinogen rather than bilirubin. 9.6 mg. were dis- 
solved in 1 ec. of CHCl; and mixed with 100 ec. of petroleum ether. This 
was shaken repeatedly with small amounts of water containing a total of 
9.4 mg. of I,. The urobilin was then concentrated and crystallized as 
above, the yield of hydrochloride being 1.8 mg., or 18.7 per cent. Since 
the usual yield of mesobilirubinogen from bilirubin, by Fischer’s method 
(3), is but 20 to 40 per cent if this substance is isolated first, it is evident 
that proportionately smaller yields of urobilin can be expected in relation 
to the starting amount of bilirubin. This, in fact, has been the previous 
experience (5-7). 

The question arose as to whether the crystals were composed in part of 
a urobilin hydriodide rather than hydrochloride, owing to formation of 
small amounts of HI during the oxidation of the mesobilirubinogen. Ma- 
terial was accordingly submitted to Professor I. M. Kolthoff, Division of 
Analytical Chemistry, who kindly provided the following report. 


‘“Qualitatively the sample was shown to contain chlorine by heating a smal! 
amount with powdered potassium dichromate mixed with 1 drop of concentrated 
sulfuric acid and collecting the vapors in 1 drop of dilute alkali. A violet color 
developed upon addition of diphenylearbazide and acid to the alkaline solution, 
indicating the presence of chloride in the original sample. Sensitive tests for the 
presence of iodide were all negative. 

‘The chlorine content of two samples was determined by the micropotentiometric 
method published recently (14). A weighed amount of the sample was fused with 
100 mg. of anhydrous sodium carbonate, the mixture taken up in 2 cc. of water, the 
solution neutralized with 5 Nn nitric acid, and an excess of nitric acid was added to 
make a final solution with a volume of 10 ml. of 0.5 N nitric acid. This solution was 
titrated with silver nitrate to the equivalence potential. 

“One sample was shown to contain 4.0 per cent chlorine. This sample was re- 
crystallized in the presence of hydrochloric acid and analyzed again. The new sam 
ple was shown to contain 4.60 per cent chlorine. 

‘Undoubtedly urobilin hydrochloride crystals are unstable in the air and lose 
hydrochloric acid, explaining the variable and low chloride contents as compared 
to the theoretical values.’’ (The calculated chlorine content of the monohydrochlo- 
ride is 5.6 per cent.) 


In the dioxane-HC]l test (11), the crystals of the hydrochloride exhibited 
a red or pinkish violet color, and it is evident that oxidation stops at the 
mesobiliviolin stage, without progression to the blue glaukobilin as was 
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observed with d-urobilin. Glaukobilin is readily formed, however, if Lem- 
berg’s ferric chloride test (15) is applied. 

Dissolved in dioxane, the absorption maximum of the crystalline urobilin 
was noted to be at 4950 A, identical with d-urobilin and approximately 25 
A higher than the maximum from stercobilin (4). The crystals dissolved 
in chloroform were optically inactive, in contrast to stercobilin, fa}? = 
—4000°, or d-urobilin, faj?? = +5000°. The question of significance of 
these truly remarkable activities will be discussed in a separate communi- 
cation. 

The free urobilin was prepared by dissolving the hydrochloride in dilute 
NaeCO; solution, barely acidifying with glacial acetic acid, and ex- 
tracting repeatedly with CHCl;. The CHCl; extracts were combined, fil- 
tered through CHC1l;-moistened paper, and concentrated under reduced 
pressure to a few cc., which were then poured into about 20 volumes of 
petroleum ether (b.p. 30-60°). The precipitated urobilin was collected on 
a small filter paper and extracted with hot acetone. After concentration 
to a few cec., cooling, and scratching, crystallization occurred; m.p. 174°. 
This agrees with the finding of Siedel and Meier (7). 

Elementary analysis’ of the free urobilin (recrystallized from CHCl) 
gave the following results. 


Calculated. C 67.12, H 7.12, N 9.49 
Found. 67.00, 7.23, “ 9.53 


Comment 


The method described here may be said, in one sense, to conclude a 
chapter started by Maly in 1871. There is little question that with slight 
additional purification crystalline urobilin could have been obtained from 
the mixture which he called hydrobilirubin. As mentioned at the outset, 
methods were subsequently described for preparation of crystalline urobilin 
from mesobilirubinogen, but they were involved and the yields were small. 
The present method does not require isolation of mesobilirubinogen, but 
permits direct preparation of urobilin from bilirubin over mesobilirubino- 
gen, the latter being dehydrogenated by iodine in an approximate stoichio- 
metric relationship in petroleum ether solution. 

Since bilirubin is commercially available, the method described permits 
easy access to crystalline urobilin in relatively good yield. ‘The much less 
expensive, amorphous bilirubin is satisfactory as a starting material if 
certain precautions are taken. 

The urobilin thus obtained is identical with the substance first designated 
as “K-urobilin,” later, by Siedel and others as ‘‘urobilin [Xa@.”’ It is opti- 
cally inactive, in contrast with stercobilin and d-urobilin. 


? Microanalytical Laboratory, School of Chemistry, University of Minnesota. 
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SUMMARY 


A simple method is described for the direct preparation of crystalline 


urobilin from bilirubin over mesobilirubinogen. 

2. The method depends on dehydrogenation of mesobilirubinogen by 
iodine in petroleum ether solution, the iodine remaining in the petroleum 
ether, while the urobilin enters the aqueous phase and is readily obtained 


from it. 


The author gratefully acknowledges the technical assistance of Irene 
Bossenmaier, Mary Ann Farisy, and Violet Swenson. 


BIBLIOGRAPHY 


. Maly, R., Ann. Chem., 161, 368 (1871). 

. Jaffe, R., Centr. med. Wiss., 6, 241 (1868). 

3. Fischer, H., Z. physiol. Chem., 73, 294 (1911). 

. Watson, C. J., Harvey Lectures, 44, 41 (1948-49). 

. Watson, C. J., Proc. Soc. Exp. Biol. and Med., 32, 1508 (1935). 

. Watson, C. J., Z. physiol. Chem., 233, 39 (1935). 

. Siedel, W., and Meier, k., Z. physiol. Chem., 242, 101 (1936). 

. Watson, C. J., Z. physiol. Chem., 204, 57 (1932); 208, 10 (1932). 

. Watson, C. J., Proc. Soc. Exp. Biol. and Med., 30, 1210 (1933); Z. physiol. Chem., 


221, 145 (1933). 


. Fischer, H., Halbach, H., and Stern, A., Ann. Chem., 619, 254 (1935). 

. Schwartz, 8., and Watson, C. J., Proc. Soc. Exp. Biol. and Med., 49, 641 (1942). 

. Sborov, V. M., Jay, A. R., and Watson, C. J., J. Lab. and Clin. Med., 37, 52 (1951). 
. Schwartz, 8., Sborov, V. M., and Watson, C.J., Am. J. Clin. Path., 14, 598 (1944). 
. Kolthoff, I. M., and Kuroda, P. K., Anal. Chem., 23, 1304 (1951). 

. Lemberg, R., and Legge, J. W., Hematin compounds and bile pigments, New 


York (1949). 


10 
ll 
12 
13 
14 
| 15 


A SIMPLE METHOD OF ISOLATION OF CRYSTALLINE 
STERCOBILIN OR UROBILIN FROM FECES* 


By C. J. WATSON, P. T. LOWRY, V. E. SBOROV, W. H. HOLLINSHEAD, 
SAMUEL KOHAN, ann HECTOR ORREGO MATTET 


(From the Department of Medicine, University of Minnesota Hospital, 
Minneapolis, Minnesota) 


(Received for publication, August 21, 1952) 


The methods described two decades ago (1-3) for the isolation of crystal- 
line stercobilin or urobilin from feces or urine are relatively slow and 
cumbersome. It is often desirable to obtain a few mg. of crystalline ma- 
terial quickly, either to permit determination of the preponderant type 
(whether stercobilin, urobilin, or d-urobilin) or calibration of a quantitative 
method. More recently, the studies of Shemin and associates (4-8), based 
on the essential nature of glycine and acetate in the biosynthesis of the 
heme pigments, have made it highly desirable to have at hand a simple 
method permitting rapid and repeated isolation of stercobilin from feces 
in order that serial observations of N'® content may be made, following 
administration of N'5-glycine. Of special interest in this connection is the 
question of exact significance of the early appearance of N'* in the sterco- 
bilin molecule, a finding indicating that a certain fraction, varying under 
normal and pathological conditions, has a derivation other than the hemo- 
globin of red blood cells which have survived a normal life span (6, 7). 
Since determinations of the atom per cent excess of N!> in the mass spectro- 
meter require but 10 mg. of pure substance, the method to be described in 
the following is particularly adapted to studies of this type. This method 
depends in considerable part on the dehydrogenation of stercobilinogen or 
urobilinogen with iodine, in petroleum ether solutions, as described in the 
preceding paper (9). It may be noted that Lichtenstein and Terwen, in 
1925 (10), used petroleum ether to extract a urobilinogen from an aqueous 
filtrate of a feces-ferrous hydroxide mixture. The petroleum ether was 
then allowed to stand in the light, with resultant formation and precipita- 
tion of an amorphous urobilin. The latter was not crystallized, but was 
evidently relatively pure. It probably consisted in the main of the levoro- 
tatory stercobilin. We have, in fact, been able to isolate crystalline sterco- 


* This work was sponsored by the Commission on Liver Disease of the Armed 
Forces Epidemiological Board, and supported by the Office of the Surgeon General, 


Department of the Army. 
t Fellow of the American College of Physicians and the Kellogg Foundation; 


now residing in Santiago, Chile. 
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bilin from material prepared in this way, but the yield is relatively poor 
and the method very slow. 


Method 


The initial treatment of the feces is entirely similar to that used in the 
quantitative determination of urobilinogen (11), except that larger amounts 
are employed. 50 to 100 gm. of feces are thoroughly ground in a mortar 
with small amounts of distilled water. The mixture is further diluted with 
water to a volume of 200 to 400 cc., in proportion to the original amount 
of feces. All of this is poured into a 1 liter Erlenmeyer flask. From 100 
to 200 cc. of freshly prepared 20 per cent ferrous sulfate (FeSO,-8H,0) 
solution are then added and well mixed. The amount of ferrous sulfate 
solution used is in the proportion of 50 ec. for each 25 gm. of feces. The 
same amount of 10 per cent NaOH is then added slowly with constant 
swirling, the resultant ferrous hydroxide becoming entirely homogenized 
with the fecal emulsion. The flask is corked and set aside for an hour or 
longer. The reduction of any native urobilin to urobilinogen (using these 
terms in a group sense) may be regarded as complete if the filtrate is light 
in color and exhibits little or no urobilin type of absorption (maximum 
at 508 my) as viewed in a test-tube with a hand spectroscope. As in the 
ordinary quantitative procedure (11), reduction is usually complete or 
nearly so at the end of 1 hour, but in some instances, especially when there 
are high concentrations, longer periods are required and at times a com- 
plete reduction is not achieved. In so far as the present isolation is con- 
cerned this is of small consequence. The Ehrlich aldehyde intensity of 
the filtrate is then determined, the value being expressed in Ehrlich units! 
per 100 ec. (12). The yield of crystalline urobilin which may be antici- 
pated amounts to about 10 to 18 per cent of the Ehrlich units in the filtrate. 
Depending on the approximate amount desired, a volume of filtrate is 
chosen and placed in a separatory funnel of about 10 times this volume. 
4 volumes of petroleum ether (b.p. 30 to 60°) are added and the filtrate is 
weakly acidified by addition of buffered glacial acetic acid (4 parts of glacial 
acetic to | part of saturated aqueous sodium acetate solution). The two 
phases are then shaken together briskly and allowed to separate. The 
aqueous phase is separated and extracted twice more with | volume of 
petroleum ether. The combined petroleum ether is filtered and a quanti- 
tative Ehrlich determination is carried out on a 1 cc. portion, this being 
simply diluted with additional petroleum ether and treated exactly as the 
petroleum ether stage in the regular quantitative method (11). The entire 
petroleum ether solution in a large separatory funnel is now subjected to 
the iodine dehydrogenation-water extraction described in the preceding 
- paper (9). The same ratio of iodine to urobilinogen, 7.c., 0.45:1.0 is used. 


1] Ehrlich unit = the color equivalent of 1 mg. of urobilinogen aldehyde per 100 cc. 
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The aqueous solution of urobilin is washed twice with ethyl ether to remove 
lipide impurities, which otherwise may contaminate the crystalline material 
to be obtained. This, furthermore, has the advantage of removing meso- 
biliviolin and mesobilirhodin. The further method of handling the urobilin 
solutions and of crystallization is the same as for the optically inactive 
urobilin. In the case of d-urobilin, however, the solubility in CHCl; is 
relatively small, and the material often begins to crystallize from a large 
volume of CHC], while still hot. If the presence of d-urobilin is suspected 
because the individual providing the feces has received aureomycin or 
terramycin in recent months, it is wise to note whether crystallization from 
the CHC]; occurs before wide concentration. If not, it may be concentrated 
to a small volume and mixed with hot acetone, as described in the accom- 
panying paper (9). Stercobilin and urobilin both crystallize much more 
satisfactorily from acetone than does d-urobilin. It has recently been 
found that a highly satisfactory and rapid method of recrystallization is 
from methy!] alcohol-ethyl acetate. This is equally useful for urobilin and 
d-urobilin. The material is simply dissolved in a few cc. of methy] alcohol. 
This is concentrated further in a boiling water bath and a small amount of 
hot ethyl acetate is added. After further concentration under reduced 
pressure, the solution is allowed to cool and crystallization commences. 
The stercobilin hydrochloride crystals thus obtained are in the form of 
rectangular leaves or plates; m.p. 157—-160°. The free substance prepared 
in the usual way (1) and after repeated recrystallization from acetone 
melted at 234-236°. Optical activity of the hydrochloride? in CHCls, [a];” 
= —4000°. The absorption maximum in dioxane or methyl! alcohol (con- 
taining a little HCl) is at 4925 + 2 A. The physical characteristics of the 
d-urobilin obtained by this method will be described in detail in a separate 
communication. Those of the optically inactive urobilin have already 
been referred to in the accompanying paper. 

For larger amounts of feces ranging from 100 to 1000 gm., the following 
preliminary treatment has the advantage of keeping the volumes of fluid 
relatively small. The feces are ground in a mortar with 95 per cent alcohol. 
After standing a short time, this is decanted and filtered either on a sintered 
glass funnel or, preferably, through a small amount of infusorial earth* 
on a Biichner funnel with suction. Repeated extraction is carried out 
with additional amounts of alcohol, until the Ehrlich reaction is weak or 
negative. The combined alcoholic filtrate is run through a column of 
Al.O3,4 the urobilin and urobilinogen largely remaining on the column and 
carotenoids and lipides passing through. The column is then eluted with 


2 Recrystallized repeatedly from acetone and dried to constant weight over POs. 


3 Hyflo, Johns-Manville. 
4Baker and Adamson. (Merck’s for chromatographic analysis is too retentive 


for this purpose.) 
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distilled water, which is collected in an arbitrary series of fractions, each 
of which is tested with Ehrlich’s reagent. Those fractions exhibiting sig- 
nificant reactions are pooled and filtered into a large separatory funnel, 
From this point on, the further treatment is exactly as described above for 
the aqueous filtrate obtained by the FeOH method. The water is weakly 
acidified with buffered glacial acetic acid and extracted with petroleum 
ether. The chromogen is dehydrogenated by iodine, and the resulting 
urobilin or stercobilin is then obtained in crystalline form. 

The alcohol-Al,O3-water method as just described has been used to good 
advantage in a series of isolations of N?’°-d-urobilin from a patient with he- 
molytic jaundice given terramycin and N?°-glycine. The results of this 
study will be described in detail elsewhere. The yields of crystalline d-uro- 
bilin which were obtained have ranged from 8.5 to 64 per cent (average 38.1) 
of the initial concentration of urobilinogen in Ehrlich units, both in this and 
other cases in which it was present. The wide range of yields is probably 
due at least in part to variable proportions of d-urobilin at different periods. 
As already noted, this substance is less soluble and crystallizes more com- 
pletely from CHCl;. It is also true, however, that some of the variation 
in yield is related simply to the thoroughness of the initial alcohol extrac- 
tion. In general, the larger the amount of urobilinogen in the feces, the 
lower the percentage yield of crystalline material. 

It is quite likely that in many instances, at least, the first crop of crystal- 
line material obtained by either of the above methods consists of a mixture 
of the preponderant pigment of the sample at hand, with a smaller amount 
of one or two of the others. Thus, on occasion, we have noted significant 
changes in optical activity on recrystallization, indicating that a minor 
fraction of the first crop was either optically inactive or of opposite type. 
We have not encountered any instance thus far in which there was not 
sufficient preponderance to permit easy separation. 

The method has also been applied very satisfactorily to urine. The 
chromogen is extracted by petroleum ether at pH 4.0, after which the 
preponderant urobilin or stercobilin, when excreted in adequate amount, 
is obtained by the same means as for feces. 


SUMMARY 


1. A simple method of isolation of stercobilin or urobilin from feces is 
described. ‘This is especially advantageous for serial studies relating to 
N® content after administration of N! glycine. 

2. The method embodies the principle of dehydrogenation of urobilino- 
gen with iodine in petroleum ether solution, followed by extraction of the 
resulting stercobilin or urobilin with water, crystallization from chloroform- 
acetone, or, in the case of d-urobilin, from chloroform and recrystallization 
of either from methyl] alcohol-ethyl acetate. 
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3. Alternative preliminary treatments leading to the petroleum ether 
stage are described, one being identical with the method of quantitative 
determination of stercobilinogen or urobilinogen, the other depending on 
alcohol extraction, adsorption on alumina, and elution with water. The 
former permits simultaneous quantitative determination and is best suited 
for smaller amounts of feces, up to 100 gm. The latter can be employed 
with smaller or larger amounts. 


Grateful acknowledgment is made to Mrs. Violet Swenson and Miss 
Ruth Cardinal for assistance in this work. 
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THE ROLE OF ADENOSINETRIPHOSPHATE IN THE 
ACTIVATION OF FATTY ACID OXIDATION 
| IN VITRO* 


By ROBERT F. WITTER, ETHEL H. NEWCOMB, ann ELMER STOTZ 


(From the Department of Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York) 


(Received for publication, September 8, 1952) 


The actual réles of the adenine nucleotides and activating factors such 
as the dicarboxylic acids of the Krebs cycle in the oxidation of fatty acids 
by broken cell preparations are unknown. Oxidation of the fatty acid 
(1-5) and the activating factor (6-8) leads to the synthesis of the phos- 
phate bonds of adenosinetriphosphate.! These facts have been difficult to 
demonstrate because of the rapid hydrolysis of ATP by the phosphatases 
present in the crude enzyme systems generally employed (2, 9, 10). 

In view of the réle of ATP in glycolysis and in many synthetic reactions, 
it appears possible that ATP per se may be necessary in fatty acid oxida- 
tion, and that the dicarboxylic acids of the Krebs cycle may exert their 
activating effect by virtue of their ability to form ATP. However, it has 
been difficult to demonstrate that ATP per se is required for the oxidation 
of fatty acids in animal tissues, and only recently has evidence for the 
essential nature of this adenine nucleotide been obtained. Under proper 
conditions adenylic acid will serve as well as ATP for the oxidation of fatty 
acids (2, 6, 11, 12). On the other hand it has been recently shown that, 
in mitochondria with low ATPase activity, oxidation of octanoate is ac- 
celerated by the presence of phosphate acceptors such as the creatine-ATP 
or hexokinase systems. The more effective activation with the creatine- 
ATP system is attributed to the higher steady state concentration of ATP 
in the creatine system as compared to the hexokinase system (5). These 
results can be interpreted as evidence for the hypothesis that ATP per se 
may be necessary for the oxidation of fatty acids. Also ATP is required 
by a soluble fatty acid oxidase prepared from rat liver mitochondria (13). 
However, none of these experiments clarifies the relationship between the 
requirement for ATP and the requirement for activating factors such as 
members of the Krebs cycle. Previous studies (1-3, 6, 7, 14, 15) had 


*This research was supported by funds granted by the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Nutrition Foundation, Inc. 

1 Hereafter adenosinetriphosphate and adenosinediphosphate will be referred to 
as ATP and ADP, respectively. 
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shown that in certain systems dicarboxylic acids of the Krebs cycle were 
required for oxidation of fatty acids, but since the ATP levels of the con- 
trols were not maintained, the possibility of activation by the formation 
of ATP was not entirely eliminated. 

The experiments reported in this communication were completed some 
time before the studies of the essential réle of ATP in the oxidation of fatty 
acids appeared. They were designed to study the réle of ATP in fatty acid 
oxidation and the mechanism of the activating effect of the dicarboxylic 
acids of the Krebs cycle in liver mitochondrial preparations. Washed 
particles or mitochondria from rat liver were used as the sources of the 
fatty acid oxidase, and sorbic acid, an unsaturated 6-carbon acid, was 
used as a model substrate. Although this unsaturated acid has not been 
shown to occur in animal tissues, previous work from this laboratory (16) 
has demonstrated that it is oxidized in much the same manner and has the 
same requirements as hexanoate, a naturally occurring 6-carbon acid. The 
use of sorbic acid possessed the advantage that it could be readily deter- 
mined by a spectrophotometric method (16), and that its rate of oxidation 
is little influenced by wide fluctuations in the orthophosphate content 
(11, 12). 


EXPERIMENTAL 


The washed particles of rat liver and an activating factor from rat liver 
designated as “heat-stable factor’? were prepared as described by Witter, 
Newcomb, and Stotz (16). Mitochondria, prepared by the sucrose-hyper- 
tonic salt method of Kennedy and Lehninger (3), were washed three times 
in 0.15 M potassium chloride. A fraction of rabbit muscle extract, precipi- 
tating between 50 and 72 per cent saturation with ammonium sulfate, was 
prepared as described by Racker (17) and dialyzed at 5° against 0.02 
Veronal buffer at pH 8.0 before use. 

Sodium pyruvate was prepared according to Robertson (18) and recrys- 
tallized two times from aqueous alcohol. The barium salt of phosphocre- 
atine was prepared enzymatically from 3-phosphoglycerate, ATP, and cre- 
atine by a modification of the procedure of Lehman (19). This product 
has 7.40 per cent P, whereas Lehman (19) reported 7.35 per cent P; the 
theoretical per cent P for CyHsO;N3PBa-4H.O is 7.42. Virtually no inor- 
ganic phosphate was present, but the phosphocreatine was contaminated 
with 0.005 mole of pyruvate per mole of phosphocreatine. The pyruvate 
content of the phosphocreatine was estimated by the method of Straub (20). 

The Fiske-Subbarow (21, 22) methods for ortho- and phosphocreatine P 
were used. ATP and ADP were estimated as 10 minute phosphate in the 
usual manner. Other analytical methods and the preparation and sources 
of most of the chemicals used in this study were previously described (16). 
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The enzymatic experiments were carried out in 15 ml. Warburg vessels. 
All enzyme preparations were added to the main compartment of the 
chilled Warburg flask. Other experimental details are given with the ap- 
propriate tables. 


Results 


Methods of Maintaining Level of ATP in Particulate Matter of Rat Liver 
—In order to decide whether ATP per se is necessary for fatty acid oxida- 
tion, the activating effects of various non-oxidative procedures for the 
maintenance of the ATP level of the rat liver system were investigated. 
The usual oxidative procedures such as the oxidation of the dicarboxylic 
acids of the Krebs cycle will maintain the ATP level of particulate systems 
by oxidative phosphorylation but also will activate the oxidation of fatty 
acids (2, 3, 6,7). With an oxidative source of ATP it would be impossible 
to ascertain whether the activating effects were due to the ATP formed or 
to some other factor produced during the oxidation of the activator. In 
order to study the effect of the formation of ATP, it was desirable to sepa- 
rate the process of ATP synthesis from the process of oxidation. Accord- 
ingly, the activating effects of various non-oxidative procedures for the 
maintenance of the ATP level were investigated. 

Several non-oxidative procedures were tried, but only one appeared to 
be satisfactory. The addition of more than the usual amount of ATP did 
not increase the ultimate equilibrium level of ATP, and only inhibited the 
oxidation of sorbate by washed particles of liver. Lehninger (23) in earlier 
experiments had noted the inhibitory effects of high concentrations of ATP. 

In Table I are illustrated the effects of several phosphatase inhibitors on 
the oxidation of sorbate and on the hydrolysis of ATP by washed particles 
from rat liver. Since a given inhibitor either blocked the oxidation of sor- 
bate or did not prevent the hydrolysis of ATP, unsatisfactory results were 
obtained with beryllium (24-26), fluoride (27), toluene (28), molybdate 
(29), and histidine (30). Accordingly, another method of preserving the 
ATP level of the system was sought. 

It seemed possible to maintain the ATP level of particulate matter of 
rat liver by the addition of an enzymatic transphosphorylation system 
which would resynthesize the ATP as fast as it was broken down by the 
phosphatases present in the liver. Suitable reactions for this purpose ap- 
peared to be: 


(a) Phosphopyruvate + ADP — ATP + pyruvate 
(b) Phosphocreatine + ADP — ATP + creatine 


Accordingly the effects of these transphosphorylation reactions on the ATP 
level of washed particulate matter of rat liver were investigated. 3-Phos- 
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phoglycerate was used as the source of the phosphopyruvate, and all the 
enzymes which were necessary to convert 3-phosphoglycerate to phospho- 
pyruvate as well as for reactions (a) and (b) were furnished in a fraction 
of rabbit muscle extract, precipitating between 50 and 72 per cent satura- 
tion with ammonium sulfate (17). Since neither the rabbit muscle extract 
nor the particulate matter of rat liver split orthophosphate from 3-phospho- 
glycerate, phosphopyruvate, or phosphocreatine at pH 8.0, and the former 


TaBLe I 


Effects of Inhibitors on Oxidation of Sorbate and on Hydrolysis of ATP by Washed 
Liver Particles 


The reaction mixture for the sorbate experiments contained 0.01 M tris(hydroxy- 
methyl)aminomethane buffer, pH 8.0, 0.0017 mM phosphate buffer, pH 8.0, 0.0066 m 
magnesium chloride, 0.001 m ATP, 0.001 mM sorbate, 6.7 X 10~° mM cytochrome c, 0.6 ml. 
of heat-stable factor in 0.15 mM potassium chloride, and 0.4 ml. of rat washed liver 
particles in a total volume of 3.1 ml. Time, 20 minutes; temperature, 30°. The 
spectrophotometric method (16) for the analysis of sorbate was used. The reaction 
mixture for the ATP hydrolysis experiments was the same as above, except that 
phosphate buffer, sorbate, and cytochrome c were omitted, and 0.6 ml. of 0.15 m 
potassium chloride replaced the heat-stable factor. Time, 10 minutes; tempera- 
ture, 30°. 


Inhibitor Concentration of Orthophosphate formed 


inhibitor _ from ATP hydrolysis 

moles perl. X 10-4 uM uM 
10.0 0.7 1.85 
tS 6.0 0.1 0.10 
30.0 2.1 4.10 
Saturation 0* 3.60 


* Sorbate oxidation was followed by oxygen uptake. 


enzyme did not attack adenine nucleotides, the rate of synthesis and degra- 
dation of the ATP during the transphosphorylation reactions could be 
followed by the levels of ortho- and 10 minute phosphate. 

In preliminary experiments it was found that pyruvate, the end-product 
of the phosphopyruvate-ADP reaction, caused increased oxygen uptake 
and ATP synthesis in rat liver particulate systems, whereas creatine, the 
end-product of the phosphocreatine-ADP reaction, did not. The latter 
reaction thus seemed to be a more suitable non-oxidative source of ATP. 

In Table II are outlined the conditions for the maintenance of the ATP 
level of rat liver particulate matter with the phosphocreatine-A DP system 
of rabbit muscle. It can be seen that in the rat liver particulate system 
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ATP is rapidly hydrolyzed. The addition of 0.003 mM phosphocreatine 
alone did not influence the ATP level. However, when the necessary 
transphosphorylase was added in the rabbit muscle fractions along with 
0.003 m phosphocreatine, the ATP level of the washed particle system could 
be maintained for 10 minutes. The amount of ammonium sulfate fraction 
added was a 20- to 30-fold excess over the amount required to phosphory- 
late 2 um of ADP with phosphocreatine in 10 minutes at pH 8.0 and 30°. 

In experiments which are not listed in Table II, the ATP level of washed 
particles could be maintained by the addition of phosphoglycerate and the 


TABLE Il 


Maintenance of Level of ATP Added to Rat Washed Liver Particles with 
Phosphocreatine-ADP Transphosphorylase System 
The reaction mixture contained 0.01 m Veronal buffer, pH 8.0, 6.6 K 107* mM mag- 
nesium chloride, 8 X 10-4 m ATP, 0.03 mM potassium chloride, and 0.5 ml. of washed 
liver particles in a total volume of 3.1 ml. 7.0 mg. of the rabbit muscle fraction 
were added where indicated. Temperature, 30°; air. 


Phosphate as 


Condition | Time 


| | 
| | ——— Inorganic | 10 min. 
min uM uM uM 

Phosphocreatine + rabbit muscle fraction... =O 10.8 | 0.30 | 5.80 

Rabbit muscle fraction. ............. 10 4.00 2.00 


*9.0 um of creatine plus 4.0 um of orthophosphate were added at O time. 


rabbit muscle fraction. However, since pyruvate, the end-product of the 
reaction, contributed to the ATP level by oxidative phosphorylation, only 
0.0013 m phosphoglycerate was necessary in order to maintain the ATP 
level under aerobic conditions, whereas under anaerobic conditions 0.003 
M phosphoglycerate was necessary. In contrast the same amount of phos- 
phocreatine was required under anaerobic or aerobic conditions. 
Comparison of Effects of Phosphocreatine System and Malate Oxidation on 
Sorbate Oxidation—In the next experiment a comparison was made of the 
effects of the phosphocreatine system of rabbit muscle and the oxidation of 
malate on the rates of oxidation of sorbate and breakdown of ATP. The 
level of ATP was measured by the difference between the amounts of 10 
minute phosphate and Fiske-Subbarow (21, 22) phosphate. The former 
includes ATP, phosphocreatine, and orthophosphate, whereas the latter 
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includes only phosphocreatine and orthophosphate. ‘Therefore, in order 
that the amount of phosphocreatine which had to be added to the system 
to maintain the ATP level could be small enough to permit measurement 
of the amount of ATP, the experiments were run for a short period of time. 
The oxidation of sorbate was followed by an analytical procedure (16). 
The results of these experiments are shown in Table IIT. 


III 


Activation of Sorbate Oxidation by Malic Acid Oxidation and Phosphocreatine-ADP 
Transphosphorylase System 


The reaction mixture contained 0.015 m tris(hydroxymethyl)aminomethane, pH 
8.0, 0.0017 M potassium phosphate, pH 8.0, 0.03 m potassium chloride, 0.001 « ATP, 
0.001 m sorbate, 0.0066 Mm magnesium chloride, 6.7 K 10°-* Mm cytochrome c, 0.3 ml. 
of liver mitochondria (dry weight 9.6 mg.) in a total volume of 3.1 ml. 7.0 mg. of 
rabbit muscle fraction were added where indicated. Temperature, 30°; air. 


| Phosphate | 

| Sor- 
Condition | Time 

organic 

| | 
omin. uM pM pM uM 

| 0 5.8 | 6.4 

Plus phosphocreatine.......... | 12.2] 6.1 7.5 

| 10 1.2 | 10.3 | 0.3 
Plus phosphocreatine............ | 10 | 11.2] 2.2 | 11.6) 0.3 
i x3 and rabbit muscle fraction.| 10 3.2| 4.7 | 16.6) 0.5 

7 - rabbit muscle fraction, and | | 
| 10 3.8} 5.6 | 15.6) 1.2 
—and2X phosphate. 10 4.0 13.9 1.1 

10°* “ pyruvate and 2 X 10° m phos- 


In the absence of added activating factors, sorbate was not oxidized at 
an appreciable rate and ATP was rapidly destroyed (Table III). Under 
these circumstances if ATP were required by the system, maintenance of 
the ATP level should activate the oxidation of sorbate. However, as can 
be seen in Table III, when the ATP level was maintained with the phos- 
phocreatine system of rabbit muscle, only a slight oxidation of questionable 
significance was observed. Control experiments showed that this failure 
of the phosphocreatine system to activate sorbate oxidation was not due 
to a possible inhibitory action of phosphate, phosphocreatine, creatine, or 
change in pH. The mitochondrial system was capable of the vigorous 
oxidation of sorbate in the presence of malate, even though in this case the 
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ATP level was not maintained at as high a value as with the phosphocre- 
atine system. However, oxidation of the malate did contribute to some 
maintenance of the ATP level. 

Since there seemed to be little or no increase in sorbate oxidation upon 
the addition of the phosphocreatine system of rabbit muscle even though 
the ATP level was increased, further experiments were run for a longer 
period of time. Under these conditions the addition of phosphocreatine 
plus the rabbit muscle fraction to the liver mitochondrial system caused a 
slight increase in the rate of oxidation of sorbate in about 50 per cent of 
the experiments, although simultaneous control experiments in which the 
activator was malate or a-ketoglutarate demonstrated that in each case the 
mitochondrial system was capable of vigorous oxidation of sorbate. 

An example of an experiment in which the addition of the phosphocre- 
atine system of rabbit muscle caused a slight increase in the rate of oxida- 
tion of sorbate is given in Table IV. In this experiment phosphocreatine 
was added to the mitochondrial system plus rabbit muscle fraction at the 
beginning of the experiment and again after 10 minutes. ‘The rate of oxi- 
dation of sorbate was thus increased from a rate of 0.27 um per 20 minutes 
in the absence of added factors to 0.7 um per 20 minutes in the presence of 
the complete phosphocreatine system. 

Several variables were introduced into the mitochondrial system by the 
phosphocreatine transphosphorylase of rabbit muscle. First of all, the 
oxidation of an “‘endogenous” activator present in the mitochondria may 
have been stimulated. Secondly, phosphocreatine, rabbit muscle fraction, 
creatine, and extra orthophosphate were each introduced into the mito- 
chondrial system. ‘Thirdly, the ATP level was raised. Because of the 
large amount of phosphocreatine which had to be added in these experi- 
ments, the ATP level was not measured. However, since the phosphocre- 
atine system of rabbit muscle catalyzed a vigorous phosphorylation of ADP 
or adenylie acid, and the ATP added to mitochondria was rapidly broken 
down in the absence of activating factors (cf. Table III), there can be no 
doubt that more ATP was present in the mitochondrial system to which 
the complete phosphocreatine-ADP system was added than in the control 
containing no added factors. Any of the variables mentioned before might 
have caused the increased oxidation of sorbate, and attempts were made to 
ascertain which one was responsible for the results observed. 

In Table IV it is shown that the individual addition of phosphocreatine, 
creatine, rabbit muscle fraction, extra phosphate, or pyruvate at the level 
present in the phosphocreatine did not activate the oxidation of sorbate. 
The failure of pyruvate at this concentration to stimulate oxidation was of 
particular significance, since, as is discussed in another section, much higher 
concentrations of pyruvate did stimulate the oxidation of sorbate. Also it 
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was found in experiments not listed in Table IV that the addition of phos- 
phocreatine plus the rabbit muscle fraction did not stimulate the oxygen 
uptake of the mitochondrial system in the absence of sorbate. This result 
indicates that the phosphocreatine system could not have stimulated the 
oxidation of some substrate which was contained in the mitochondrial 
preparation and which in turn catalyzed the oxidation of sorbate. 


Tasie IV 


Comparison of Effects of Phosphocreatine-ADP Transphosphorylase System with 
Malate on Oxidation of Sorbate over 20 Minute Period 


Except where noted, the conditions are the same as those listed i in Table III. 


— 


Condition Sorbate oxidized 

No additions........._.. 0.27 
6 X mM malate... 1.16 
2x wre” 2.20 
3.x wre ** phosphocreatine + rabbit muscle fraction 0.70 
6 X 10-* “ pyruvate + 1 XK 10°? phosphate’. 0.30 
0.10 
6 X 10-5 m malate.. 1.25 
ry 1 x 1072 M phosphate 1.15 
2.50 
Rabbit muscle fraction. . 0.15 
1.0 X 10°? + rabbit muscle fraction. . 0.80 


6 X 10°'m malate..... 1.25 


1x oe * phosphocreatine® + rabbit muscle fraction 0.76 
6 X 10-5 malate + 1 XK + rabbit mus- 

cle fraction . 1.53 
1 xX creatine 0.20 


. Total amount added. This w was s added i in two equal portions at 0 time and after 
10 minutes. 


Thus by a process of elimination it appears that the increased A'I'P level 
brought about by the phosphocreatine system caused the increased rate of 
oxidation of sorbate. These results indicate that ATP per se may be re- 
quired for fatty acid oxidation. 

However, other experiments indicate that ATP alone is not sufficient for 
the vigorous oxidation of sorbate. As is shown in Tables III and IV, 
malate was a more effective activator of sorbate oxidation than the phos- 
phocreatine system. Indeed all other activating systems such as the 
“heat-stable factor,” the phosphopyruvate-ADP system, a-ketoglutarate, 
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or succinate, all of which supplied an oxidative source of ATP, were more 
effective activators of sorbate oxidation than the non-oxidative sources of 
ATP. The results indicate that the oxidative sources of ATP produce fac- 
tors other than ATP which are required for sorbate oxidation. 

Activation of Sorbate Oxidation by Oxidation of Pyruwate—In the course 
of these experiments it was found that pyruvate in concentrations ranging 
from a minimum of 2 X 10-* M to a maximum of 8 X 10~‘ mM could activate 
sorbate oxidation. The minimum amount of pyruvate was about 4 times 
the minimum level of malate or a-ketoglutarate which would activate sor- 
bate oxidation. The maximum rate of oxidation of sorbate attained when 
pyruvate was the activator was never as high as when the oxidation was 
activated with malate. 

Pyruvate oxidation apparently activated the oxidation of sorbate to 
acetoacetate. This was shown by a comparison of the effects on the ratio 
of acetoacetate formed to sorbate oxidized of high concentrations of pyru- 
vate with the effects of high concentrations of a-ketoglutarate which is 
known to catalyze the oxidation of fatty acids via the Krebs cycle. In a 
typical experiment at the maximum effective level of pyruvate (8 xX 10~ 
u) the ratio of acetoacetate formed to sorbate oxidized was 1.4 (theory 1.5), 
whereas with a 4-fold excess over the maximum effective level of pyruvate 
(3.2 * 10°* m) the ratio was 1.0. In contrast, when the oxidation of sor- 
bate was activated by the oxidation of a-ketoglutarate (3.2 K 10-* Mm), 
the ratio was only 0.2. 

In the previous experiments it was found that the oxidation of 6-carbon 
acids could be activated by a heat-stable factor from liver (16). Analysis 
by the method of Callavani et al. (31) showed that the usual amount of 
pyruvate which was present in a typical preparation of heat-stable factor 
was 0.01 um or one-fiftieth of the usual amount which was effective in the 
catalysis of the oxidation of sorbate. Hence, the activating effect of the 
heat-stable factor was not due to its pyruvate content. 

Lehninger (23) found that high concentrations of pyruvate would acti- 
vate octanoate oxidation in rat liver homogenates, but Lehninger and Ken- 
nedy (2) failed to observe activation when the keto acid was tested at the 
lower level found effective for the dicarboxylic acids of the Krebs cycle. 
In rabbit liver or kidney, Knox, Noyce, and Auerbach (7) found that the 
oxidation of the fatty acids could be activated by pyruvate in the presence 
of bicarbonate. A similar mechanism apparently does not operate in the 
rat liver preparations used in our studies since the addition of bicarbonate 
did not increase the activating effect of pyruvate. 


DISCUSSION 


The fact that the non-oxidative transphosphorylation reaction, phospho- 
creatine + ADP = ATP + creatine, caused a slight activation of the 
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oxidation of sorbate indicates that ATP per se may be required for some 
step in the oxidation of fatty acids. These results confirm recent studies 
with a soluble fatty acid oxidase (13) and with mitochondria that have 
low ATPase activity (5). Also these results are the first clear demonstra- 
tion that the activators of the oxidation of fatty acids have an accelerating 
effect which is independent of their effect on the ATP level of the system. 
Since malate oxidation caused a vigorous oxidation of sorbate, whereas the 
phosphocreatine transphosphorylase permitted only a slow oxidation, it 
appears that the generation of ATP alone is not sufficient for fatty acid 
oxidation, but that in addition another factor, dependent on the oxidation 
of the activator, must be concerned. 

The details of the mechanism of the activation of fatty acid oxidation in 
animal tissues remain unknown, but recent evidence indicates that coen- 
zyme A may be involved (13, 32, 33). Two pathways are available for the 
activation of fatty acid oxidation. The first of these pathways is oxidation 
of the fatty acid to acetoacetate, which is catalyzed by heated extracts of 
rat liver (16), or, as has recently been demonstrated, by high concentra- 
tions of reduced diphosphopyridine nucleotide (15). The second mecha- 
nism, which appears to by-pass acetoacetate formation, is oxidation to 
carbon dioxide and water via the Krebs cycle and is catalyzed by oxidation 
of the dicarboxylic acids of the Krebs cycle (1, 2, 6, 7, 14). The results 
presented in this communication indicate that pyruvate oxidation may 
catalyze sorbate oxidation via the first mechanism; 7.c., acetoacetate for- 
mation. 


SUMMARY 


1. The effects of various methods for the maintenance of the ATP level 
of washed liver particles and mitochondria on the oxidation of sorbate, an 
unsaturated 6-carbon acid, were investigated. 

2. The ATP level of the rat liver systems could be maintained by means 
of the phosphopyruvate or phosphocreatine-ADP transphosphorylation 
systems of rabbit muscle extracts. Part of the effect of the former sys- 
tem was due to the oxidation of the pyruvate which was produced in the 
transphosphorylation reaction. 

3. A comparison was made of the activating effects on sorbate oxidation 
of a non-oxidative procedure for the maintenance of the ATP level, 7.c. the 
phosphocreatine-ADP system of rabbit muscle with the activating effect 
of sources of ATP which depended on an oxidative reaction. In general 
the latter oxidative sources of ATP such as malate, heat-stable factor, 
pyruvate, etc., were more effective activators of sorbate oxidation than the 
phosphocreatine-ADP system of rabbit muscle. The latter system cata- 
lyzed a slow oxidation of sorbate. 
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4. It was concluded that both ATP and a factor produced in the oxida- 
tion of the ‘‘activator’’ were necessary for sorbate oxidation. 


The authors wish to thank Dr. Alejandro Zaffaroni for his assistance 
with the pyruvate analysis of the “heat-stable factor,’ and Dr. Sarah 
Ratner for her generous gift of the barium salt of 3-phosphoglycerate 
which was used in some of the early experiments reported in this paper. 


BIBLIOGRAPHY 


. Leloir, L. F., and Mufioz, J. M., J. Biol. Chem., 163, 53 (1944). 

. Lehninger, A. L., and Kennedy, E. P., J. Biol. Chem., 173, 753 (1948). 

. Kennedy, Lk. P., and Lehninger, A. L., J. Biol. Chem., 179, 957 (1949). 

. Johnson, R. B., and Lardy, H. A., J. Biol. Chem., 184, 235 (1950). 

. Lardy, H. A., and Wellman, H., J. Biol. Chem., 196, 215 (1952). 

. Grafflin, A. L., and Green, D. E., J. Biol. Chem., 176, 95 (1948). 

. Knox, W. k., Noyce, B. N., and Auerbach, V. H., J. Biol. Chem., 176, 117 (1948). 

. Copenhaver, J. H., Jr., and Lardy, H. A., J. Biol. Chem., 196, 225 (1952). 

. Lehninger, A. L., and Smith, 8. W., J. Biol. Chem., 181, 415 (1949). 

10. Cross, R. J., Taggart, J. V., Covo, G. A., and Green, D. E., J. Biol. Chem., 177, 

655 (1949). 

ll. Witter, R. F., Federation Proc., 9, 247 (1950). 

12. Witter, R. F., Neweomb, bk. H., and Stotz, E., J. Biol. Chem., 196, 663 (1952). 

13. Drysdale, G. R., Federation Proc., 11, 204 (1952). 

14. Munoz, J. M., and Leloir, L. F., J. Biol. Chem., 147, 355 (1943). 

15. Kennedy, E. P., and Lehninger, A. L., J. Biol. Chem., 190, 361 (1951). 

16. Witter, R. Wa Newesnb, I. H., and Stotz, E., J. Biol. Chem., 186, 537 (1950). 

17. Racker, E., J. Biol. Clon. ., 167, 843 (1947). 

18. Robertson, W. B., Science, 96, 93 (1942). 

19. Lehman, H., Dicshen. Z., 281, 271 (1935). 

. Straub, F. B., Z. physiol. Chem., 244, 117 (1936). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 81, 629 (1929). 

. Lehninger, A. L., J. Biol. Chem., 157, 363 (1945). 

DuBois, P. K., Cochrane, K. W., and Mazur, M., Science, 110, 420 (1949). 

Grier, R. 8., Hood, M. B., and Hoagland, M. B., J. Biol. Chem., 180, 289 (1949). 

Klemperer, F. W., Miller, J. M., and Hill, C. J., J. Biol. Chem., 180, 281 (1949). 

Oppenheimer, C., Die Fermente und ihre Wirkungen, Dr. Junk, The Hague, 
suppl., 1, 146 (1936). 

. Meyerhof, O., and Wilson, J. R., Arch. Biochem., 21, 1 (1949). 

. Courtois, M., Bull. Soc. chim. biol., 30, 158 (1948). 

. Bodansky, O., J. Biol. Chem., 174, 465 (1948). 

. Callavani, D., Frontali, N., and Toschi, G., Nature, 163, 568 (1949). 

. Green, D. E., Beinert, H., Goldman, D., Von Korff, R., and Mii, 8., Federation 

Proc., 11, 222 (1952). 

. Cheldelin, V. H., Nygaard, A. P., Hale, O. M., and King, T. E., J. Am. Chem. 

Soc., 73, 5005 (1951). 


noo WS 


f 


STUDIES ON VITAMIN Bg 
I. BIOCHEMICAL CHANGES IN VITAMIN B, DEFICIENCY IN RATS* 


By J. R. BEATON, J. L. BEARE, J. M. WHITE, ano E. W. MCHENRY 


(From the Department of Public Health Nutrition, University of Toronto, Toronto, 
Canada) 


(Received for publication, September 8, 1952) 


Although there are numerous reports of studies with vitamin Bs involving 
enzyme systems (1-3), fat metabolism (4, 5), and the acrodynia consequent 
to a deficiency of the vitamin (6, 7), there is a paucity of recorded data on 
the levels of metabolites in rats deprived of vitamin Bs. In a study by 
Hawkins et al. (8) the levels of certain metabolites in vitamin B,-deprived 
rats were investigated. In this paper observations are reported on other 
metabolites in the blood and urine of deficient and control rats. Blood 
levels of amino nitrogen, sugar, hemoglobin, and urea, plasma levels of 
glutamic acid and glutamine, serum protein levels, and nitrogen excretion 
have been examined. 


Methods 


In every experiment to be reported, Wistar strain albino rats of both 
sexes were employed and were housed in individual screen-bottomed cages. 
One basal diet was provided throughout these studies and contained the 
following constituents in per cent by weight: vitamin-free casein 16, vita- 
minized casein 4, corn oil 20, sucrose 54, agar 2, salt mixture (Steenbock- 
Nelson Salts 40 (9)) 4, choline 0.2, inositol 0.2, and cod liver oil concentrate 
0.015 (calculated to supply 45 i.u. of vitamin A and 11 i.u. of vitamin D 
per rat per day). The vitaminized casein was prepared by mixing thor- 
oughly 800 gm. of casein with the following amounts (in mg.) of vitamins: 
thiamine chloride 100, riboflavin 100, calcium pantothenate 400, nicotinic 
acid 400, p-aminobenzoic acid 400, biotin 20, and folic acid 20. To expedite 
the development of vitamin Beg deficiency, each animal in all groups was 
provided with 100 y of desoxypyridoxine per day in the food; each control 
animal was further provided with 50 y of pyridoxine hydrochloride per day 
in the food. 

The following analyses were carried out in duplicate on blood samples 
by the procedure stated: amino nitrogen, modified procedure of Folin (10); 
free glutamic acid and glutamine, Prescott and Waelsch (11); urea, Archi- 


* This study was facilitated by a grant from the National Vitamin Foundation, 
for which appreciation is expressed. — 
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bald (12); sugar, Nelson (13); hemoglobin, Collier (14); serum proteins, 
Gornall et al. (15); packed cell volume by the standard method. Total 
nitrogen determinations in the food, urine, and feces samples were carried 
out by a standard macro-Kjeldah! procedure, the urinary nitrogen having 
been preserved by adding 2 drops of formalin to the receiving beaker of each 
metabolism cage. 


EXPERIMENTAL 


Blood Metabolite Levels——Twenty-four rats were divided into three groups 
comparable with respect to sex, number, and an initial average body weight 
of 115 gm. One group was deprived of dietary pyridoxine, whereas the 
two remaining groups were provided with this form of the vitamin. The 
deficient group and one control group were given food and water ad libitum; 
the food intake of the remaining control group was restricted to that of the 
deficient group in order to eliminate the effect of inanition. The animals 
were maintained on these regimens for a period of 20 days, during which 
time the control group fed ad libitum gained, on the average, 42 gm., the 
pair-fed control group 36 gm., and the deficient group 7 gm. After a fast 
of 24 hours, all animals were anesthetized with Nembutal, the heart ex- 
posed, and all possible blood removed from the heart by means of a hypo- 
dermic syringe. Blood from each group was pooled and heparinized. The 
analytical data reported in Table I are the averages of the duplicate values 
found for the pooled blood from each group of animals. 

Further Studies on Blood Urea—Since a consistent finding for fasting, 
vitamin Be--deficient rats in this laboratory has been an elevation in the 
mean blood urea (8, 16), it was felt advisable to ascertain the range of 
individual fasting blood urea levels in both control and deficient rats, so 
that the significance of difference could be determined statistically. 
Twenty-one rats of both sexes were divided into two groups comparable 
with respect to initial average body weight (124 gm.), sex, and number 
(the control group contained eleven animals and the deficient group ten 
animals). To eliminate the factor of inanition, the food intake of the 
control group was restricted to that of the deficient group, with an average 
daily food consumption of 10 gm. per rat during the experimental period. 
The animals were maintained on experimental feeding for a period of 20 
days, during which time the control group gained on the average 63 gm. 
and the deficient group 21 gm. Following a fast of 18 hours, all animals 
were sacrificed and the blood was removed as previously described, but in 
this experiment blood samples were individually oxalated. The range of 
blood urea in mg. per cent for the control group was 14.6 to 31.6, with a 
mean and standard deviation of 23.5 + 5.6. That found for the deficient 
group was 28.0 to 45.2, with a mean and standard deviation of 34.3 + 9.5. 
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The elevation in blood urea levels characteristic of pyridoxine deficiency 
in rats could conceivably be the result of an impaired ability of the kidneys 
to clear the blood of this metabolite. Although the literature does not 
contain information on urea excretion in vitamin B,-deficient rats, it has 
been reported that vitamin B,-deficient dogs exhibit an increased urea ex- 
eretion (8). Since a urea clearance test did not appear satisfactory for the 
examination of this possibility, the following experiment was performed. 


TABLE I 


Effect of Pyridoxine on Amounts of Several Metabolites in, and Packed Cell Volume 
of, Blood of Rats 


Blood Plasma 
Group Packed by: 
cell Urea Sugar Glutamine 
ber cent) | | “tent | "cent | | “tent 
47 11.7 12.5 24.6 79 2.6 11.7 
Pair-fed control........... 47 12.1 14.2 20.6 48 4.6 12.4 
44 11.1 11.8 34.4 66 5.8 | 5.5 
TABLE II 
Lack of Effect of Pyridoxine on Blood Urea Following Urea Administration 
| Blood urea 
Control Deficient 
= mg. per cent mg. per cont Er 
0 22.6 31.8 
1 108.0 122.0 
2 93 .0 90.0 
4 54.0 58.4 


Sixty-four rats of both sexes were divided into eight groups comparable 
with respect to initial average body weight (110 gm.), sex, and number. 
Four groups served as controls and four groups were rendered deficient. 
Food and water were supplied ad libitum for a period of 16 days. Follow- 
ing a fast of 18 hours, one control and one deficient group were injected 
intraperitoneally with 3.0 cc. of 0.9 per cent saline solution and were 
sacrificed immediately to obtain blood. Rats in the other six groups were 
given a solution of 4 per cent urea in saline intraperitoneally at a level to 
provide 1 mg. of urea nitrogen per gm. of body weight on a group average 
weight basis. At periods of 1, 2, and 4 hours after urea administration, 
one group of deficient and one group of supplemented rats were sacrificed. 
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In all cases, blood samples were obtained as previously described and were 
pooled for each group and heparinized. The average results of duplicate 
blood urea determinations are shown in Table II. Simultaneous deter- 


TaBLeE III 
Serum Protein Levels in Vitamin Bs Deficiency in Rats 
G Total serum | Se.um albumin | Serum globulin | Albumin 
aap protein (T) (A) (G = T — A) | Globulin 
ratio 
| 5.1 3.5 1.6 | 2.2 
Pair-fed control........... | 5.1 3.3 1.8 1.8 
TABLE IV 


Nitrogen Intake and Nitrogen Excretion for Vitamin B,-Deficient (D.), Pair-Fed (P.), 
and Control (C.) Rats 


‘Total 
urinary 


Nitrogen 


Nitrogen in Total fecal | balance. B = 


N in urine © 


No. of days on diet Group db | food | nitrogen I — (F + U) 
em. gm. 
30, 31 D. 4.9 2.9 0.59 0.20 +75 
P. 5.7 2.5 0.44 0.36 +119 
C. 8.9 3.9 0.44 0.74 +180 
35, 36 D. 4.5 2.8 0.62 | 
P. 5.2 2.3 0.44 
C. 7.6 3.0 0.39 
37, 38 D. 4.8 2.2 0.47 
P. 4.8 2.0 0.42 
C. 7.1 3.1 0.44 
39, 40, 41 D. 6.3 2.5 0.40 0.28 +97 
P. o7 2.9 0.38 | 0.50 +120 
C. 10.7 3.3 0.31 | 0.49 +190 
42, 43, 44 D. 8.6 3.9 0.45 | 0.66 +110 
P. 8.1 2.9 0.36 0.41 +136 
C. 11.5 3.4 0.30 | 068 +4206 
45, 46, 47, 48 D. 9.7 4.8 0.49 | 0.62 | +90 
P. 11.1 3.4 0.31 | 0.96 | +140 
C. 15.1 44 0.29 | 0.71 4209 


minations of packed cell volumes and hemoglobin offered no evidence of 
either hemoconcentration or hemodilution following urea administration. 

Serum Protein Values—Vitamin Bg has been closely associated with ni- 
trogen metabolism in several reports in the literature (17, 18). It ap- 
peared possible that pyridoxine deficiency in the rat might be manifested, 
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in part, by a disturbance in the serum protein level. Sixteen rats were 
divided into two groups comparable with respect to initial average body 
weight (123 gm.), sex, and number. ‘The food intake of the supplemented 
control group was restricted to that of the deficient group and the average 
daily food consumption for each group was 7 gm. over an experimental 
feeding period of 21 days. At the termination of feeding, the control 
group had gained 17 gm. on the average as compared with 8 gm. for the 
deficient group. Following a fast of 18 hours, all animals were sacrificed 
and blood was removed, pooled for each group, and allowed to clot. The 
results of this study are set down in Table III. 

Nitrogen Excretion—Three groups of rats were used in this study, a 
pyridoxine-deficient one, a control group pair-fed with the deficient one, 
and a control group fed ad libitum. Each group, consisting of twelve rats 
of equal sex ratio and of the same average initial body weight (143 gm.), 
was transferred in pairs to metabolism cages after having been on experi- 
mental feeding for 21 days in individual screen-bottomed cages. The ex- 
perimental diets of the first 21 days were continued and 9 days were 
allowed for acclimatization prior to collections of urine and feces. For the 
next 18 days, collections of urine and feces were made and pooled separately 
for each respective group at 2, 3, and 4 day intervals, as indicated. The 
data reported in Table IV represent averages for the respective groups. 


DISCUSSION 


There appeared to be no evidence of anemia as a consequence of vitamin 
Bs deficiency nor was there any significant effect of vitamin Bg on the 
fasting blood levels of sugar or amino nitrogen. Hawkins et al. (8) also 
reported no alteration in fasting blood amino nitrogen as a consequence of 
vitamin Bs, deprivation. During the course of numerous experiments with 
vitamin Bg in this laboratory, it has been found that both the fasting levels 
of blood sugar and of plasma glutamic acid vary in their response to the 
vitamin deficiency such that it has not been possible to draw definite con- 
clusions with regard to these two metabolites. From the data of Table I, 
it would seem that a real increase in plasma glutamic acid occurred as a 
result of vitamin B, deficiency, though this was due in large part to the 
effect of inanition. Two clear cut observations have been made; namely, 
a fall in fasting plasma glutamine, and an increase in fasting blood urea. 
Whether these two phenomena are related or are simply coincidental cannot 
be determined on the basis of the present evidence. Glutamine has been 
associated with urea synthesis by some workers (19, 20). Statistical anal- 
ysis of the difference between the mean blood urea levels of control and 
deficient animals yielded a ¢ value of 3.05, thus demonstrating that the 
elevation in mean fasting blood urea in vitamin Be-deficient rats was highly 
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significant. Further, it was observed that, although there was considerable 
variation among individuals within each group, only two deficient animals 
exhibited values within the range determined for the pyridoxine-supple- 
mented animals. The results of the experiment in which urea was ad- 
ministered by the intraperitoneal route would seem to indicate that the 
administered urea was absorbed into, and disappeared from, the blood of de- 
ficient animals as readily as in the control animals. Thus the elevation in 
fasting blood urea in vitamin Be-deficient rats appears to be not a simple 
consequence of renal failure, but rather the result of a true metabolic 
disturbance. In a study by Beaton et al. (16) it was observed that follow- 
ing intraperitoneal administration of DL-alanine, vitamin Be-deficient rats 
apparently formed more urea than did comparable controls, again suggest- 
ing that the elevated fasting blood urea level noted might be a metabolic 
abnormality. 

No apparent alteration in the level of total serum proteins was observed 
in vitamin Be-deficient rats under these experimental conditions. A slight 
alteration of the albumin-globulin ratio was noted, though it was of 
questionable significance. Although the. external deficiency sign, acro- 
dynia, was manifested in all those animals deprived of dietary vitamin Bg, 
it may be that in the experimental period provided an insufficiently severe 
deficiency was developed to exhibit an abnormality in serum protein con- 
centrations which might have occurred on a long standing deficiency. All 
the serum protein levels obtained appear to be slightly below those nor- 
mally observed in rats, which might be explained by the factor of inanition 
in both groups as a result of employing the pair feeding technique. 

An examination of the data obtained for food, urine, and fecal nitrogen 
(Table IV) demonstrates that rats rendered deficient in pyridoxine exhibit 
an increased nitrogen excretion, causing a decreased nitrogen retention. 
In this extended state of deficiency, the decreased nitrogen retention could 
be explained only in part by the decreased food intake characteristic of 
such animals. In no collection period did the deficient animals exhibit a 
negative nitrogen balance, but in every collection period these animals did 
exhibit a less positive nitrogen balance than did pair-fed controls. Appli- 
cation of statistical analysis to the difference between means for the defi- 
cient and pair-fed control groups yielded a ¢ value of 5.61, thus demonstrat- 
ing the difference between means to be highly significant. The difference 
between means for the pair-fed control group and that fed ad libitum was 
not statistically significant, indicating that inanition was not a significant 
factor in the interpretation of these results. It should be noted that it 
was not possible to consider the effect of individual variation within groups 
because of the experimental methods employed. Considerable individual 
variation would be expected. There is, consequently, a limitation imposed 
upon the interpretation of significance. It does seem that the difference in 
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food consumption between the pair-fed control group and that fed ad 
linitum had much less effect upon the nitrogen balance than did the defi- 
ciency of vitamin Bs. In view of reports on enzyme studies with the 
vitamin which suggest functions in amino acid metabolism (1-3), it is of 
considerable interest that rats rendered deficient in vitamin Beg appear to 
exhibit an impaired ability to utilize ingested nitrogen. 


SUMMARY 


An investigation of the levels of certain blood metabolites in vitamin 
B,-deficient rats has demonstrated a marked fall in the fasting level of 
plasma glutamine and a significant increase in the fasting level of blood 
urea, neither of which can be explained by inanition since pair feeding was 
employed. The elevation in the fasting blood urea level does not appear 
to be a consequence of renal failure, but would seem to result from a true 
metabolic disturbance. No significant differences were noted between the 
fasting levels of serum protein or blood amino nitrogen in deficient and 
supplemented groups. No definite conclusion could be drawn regarding 
the fasting levels of plasma glutamic acid. Rats rendered deficient in 
pyridoxine exhibited an increased urinary nitrogen excretion, causing a 
decreased nitrogen retention. 
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THE EFFECT OF LECITHINASE A ON THE SUCCINOXIDASE 
SYSTEM* 


By AGNAR P. NYGAARD anp JAMES B. SUMNER 
(From the Laboratory of Enzyme Chemistry, Cornell University, Ithaca, New York) 


(Received for publication, September 10, 1952) 


According to Keilin and Hartree (1), the components involved in the 
aerobic oxidation of succinic acid are succinic dehydrogenase, cytochrome 
¢, cytochrome oxidase, and perhaps an intermediary link between succinic 
dehydrogenase and cytochrome oxidase. Succinic dehydrogenase is de- 
fined as that portion of the system which reduces methylene blue in the 
presence of succinate. It includes cytochrome b. The succinoxidase sys- 
tem may be represented as follows: 


Succinic dehydrogenase — intermediary link (?) — cytochrome c — 


cytochrome oxidase — O2 


Succinoxidase is attached to the mitochondrial particles, and little is 
known concerning the chemical composition of the different parts of the 
system, except for cytochrome c. In addition to proteins, mitochondria 
contain ribonucleic acid and phospholipides (2), but the possible réle of 
these compounds is not definitely established. Experiments with ribonu- 
clease (3) indicate that ribonucleic acid may not be essential for succinox- 
idase. Ball and Cooper (4) suggest that the phospholipides may be looked 
upon as cementing substance for the enzymes oxidizing succinic acid. 
Their evidence is that compounds such as desoxycholate which dissolve 
lipides also reduce or abolish the oxidation of succinic acid. Since leci- 
thinase A will attack lecithin (or cephalin) more specifically than do chemi- 
cal reagents, we have tested the effect of this enzyme on the activity of 
succinoxidase. 


EXPERIMENTAL 


Preparation of Succinoxidase—Rat liver homogenates and rat liver mito- 
chondria were used as sources of succinoxidase. A 10 per cent rat liver 
homogenate in isotonic sucrose solution was prepared in a Potter-Elvehjem 
homogenizer. Rat liver mitochondria were prepared by the isotonic su- 
crose method as described by Schneider (5). No attempt was made to 
destroy the enzymes oxidizing fumaric acid in these preparations. 

Preparation of Lecithinase A—A sample of crystalline lecithinase A (once 


* This work was supported by grants from the Rockefeller Foundation and the 
United States Public Health Service. 
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crystallized crotoxin) prepared from the venom of Crotalus terrificus terrifi- 
cus (6) was obtained through the kindness of Dr. H. Fraenkel-Conrat of 
the University of California. This preparation has been found to appear 
homogeneous in ultracentrifugal and electrophoretic studies (7). Pancre- 
atic lecithinase A was prepared according to the method of Gronchi (8), 
Gronchi found his preparation to be free of proteolytic enzymes, amylase 
and lecithinase B. Lecithinase A is very heat-resistant, and the procedure 
for preparing this enzyme should not allow many other enzymes to remain 
active. 

Crystalline Trypsin and Chymotrypsin—These were purchased from Gen- 
eral Biochemicals, Inc., Chagrin Falls, Ohio. 

Measurements—Succinoxidase was estimated manometrically, the reac- 
tion mixture of Schneider and Potter being used (9). Suecinic dehydroge- 
nase was determined manometrically with 0.001 mM methylene blue as hy- 
drogen acceptor. Here the cytochrome oxidase was inhibited by adding 
eyanide to a concentration of 0.01 mM. Cytochrome oxidase was measured 
manometrically with ascorbate as the hydrogen donor (9). Choline oxi- 
dase was determined manometrically as described by Kensler and Lange- 
mann (10). Malic oxidase was measured manometrically with the reaction 
mixture of Potter (11). 

The relative amounts of lysolecithin formed from mitochondria by the 
action of lecithinase A were estimated by the effect on the hemolysis of 
washed guinea pig erythrocytes (12). 

Proteolytic activity was measured by estimating the amount of casein 
rendered soluble in 1 per cent trichloroacetic acid, according to the method 
of Kleezkowski (13). A 5 hour incubation period at 37° was used. 

The tissue preparations were incubated in separate tubes; aliquots were 
removed for testing and kept at 0° until all the samples were ready for the 
assay. The incubated tissue preparations were added directly to the main 
compartments of the manometer cups. The Q values are expressed as 
e.mm. of oxygen taken up per hour per mg. of dry material. 


Results 


We found the activity of succinoxidase in rat liver to be destroyed by 
incubation with lecithinase A. This is illustrated in Fig. | for a liver 
homogenate. This particular preparation did not respond to added cyto- 
chrome c, and the inactivation curve obtained was the same with and with- 
out the addition of cytochrome c (1.3 X 1075 m). The destruction is 
therefore different from the one observed when liver tissue is homogenized 
in water with a resultant loss of activity only in the absence of added cyto- 
chrome c (9, 14). 

Keilin and Hartree (1) have shown that some denatured proteins and 
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also calcium phosphate gel can reverse the effect of various physical treat- 
ments on succinoxidase in heart muscle preparations. We have attempted 
to reverse the effect of lecithinase A on succinoxidase in rat liver homog- 
enates by adding various amounts of a boiled beef heart preparation (1) 


| 


incubated control 


20/— 


| | | | | 
O S 10 15 20 25 30 
MINUTES INCUBATION 
Fic. 1. The effect of crotoxin on the succinoxidase activity of rat liver homoge- 


nate. Conditions, 5 ml. of a 10 per cent rat liver homogenate were incubated with 
1 y of crotoxin at 37°. 


and various amounts of a calcium phosphate gel. These compounds could 
not restore the succinoxidase activity. 

The formation of lysolecithin from a mitochondrial preparation is re- 
corded in Table I. At the time of total destruction of succinoxidase, only 
a small fraction of the hydrolyzable lecithin is broken down. Similar re- 
sults have been obtained when mitochondria were treated with pancreatic 
lecithinase A. 

The decrease in succinoxidase activity is probably not due to an inhibi- 
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tory or to a lytic effect of lysolecithin. To show this, a fresh mitochondrial 
preparation was incubated with various amounts of the incubated mito- 
chondrial preparation containing 12 units of lysolecithin (see Table 1), 
There was no loss in activity, except that which could be accounted for by 
the effect of crotoxin present. 


TABLE I 
Destruction of Succinoxidase and Formation of Lysolecithin in Rat Liver Mitochondria* 


Succinoxidase activity, Qo,............ 125 0 | 
Lysolecithin-formed arbitrary units... 0 1 $ | «(12 12 


*5 ml. of mitochondrial preparation containing 19 mg. per ml. were incubated 
with 10 y of crotoxin at 37°. 


TABLE II 


Destruction of Succinoxidase and Hydrolysis of Casein by Preparations of Lecithinase 
A and by Trypsin and Chymotrypsin 


| Substrate 


Hydrolyzing enzyme added* | Homogenate;t | Mitochondria; | Casein$ 
| succinoxidase | succinoxidase | b¥drolysis 
per cent per cent | meg. 
Pancreatic lecithinase A, 100 100 0.05 
Trypsin + chymotrypsin, each,O5y...._.. 0) | 10 | 7.0 


*(0.1 ml. of the crystalline enzyme was added. 

+5 ml. of a 10 per cent rat liver homogenate were incubated for 15 minutes. 

t 5 ml. of a suspension of rat liver mitochondria, containing 30 mg. per ml., were 
incubated for 15 minutes at 37°. 

§ The total amount of casein in all incubation experiments was 20 mg. 


Since proteolytic enzymes rapidly destroy succinoxidase (3), we have 
tested the effect of trypsin and chymotrypsin on the activity of succin- 
oxidase and on the hydrolysis of casein and have compared the results 
with the action of crotoxin and of pancreatic lecithinase A on succinoxidase 
and on casein. From Table IT it can be seen that the destruction of succin- 
oxidase by the two preparations of lecithinase A cannot possibly be due to 
a contamination by proteolytic enzymes. 
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Succinic dehydrogenase and cytochrome oxidase are not the limiting 
factors in the inactivated succinoxidase preparations. Thus, when 5 ml. 
of a 10 per cent homogenate were treated with 5 y of crotoxin for 15 min- 
utes at 37°, the preparation failed completely to oxidize succinic acid 
aerobically, whereas the activity of succinic dehydrogenase was reduced 
from Qo, = 42 (for the incubated control) to 32, and cytochrome oxidase 
was unaffected. Similar results have been obtained with rat liver mito- 
chondria and with a beef heart preparation. 

Cytochrome oxidase is also inactivated by lecithinase A, but relatively 
high concentrations are needed. This is illustrated in Table III, which 
shows also that small amounts of lecithinase A increase the apparent Qo, 
of cytochrome oxidase. This increase has been observed in several cases, 
and may be due to increased accessibility of the reducing agent (ascorbate). 


TABLE III 


Effect of Crystalline Lecithinase A (Crotoxin) on Apparent Activity of Cytochrome 
Oxidase in Rat Liver Mitochondria* 


Cytochrome oxidase activity, Qo............ | 130 | 190 | 100 40 


*1 ml. of a mitochondrial preparation containing 9 mg. per ml. was incubated 
for 10 minutes at 37°. 
t1y of crotoxin inactivated 40 per cent of the succinoxidase activity. 


The mitochondrial enzymes, choline oxidase! and malic oxidase, are both 
inactivated by crotoxin, but more slowly than succinoxidase. When 5 ml. 
of a 10 per cent homogenate were treated with 20 y of crotoxin for 15 min- 
utes at 37°, the Qo, of malic oxidase was reduced from 66 to 44; and when 
2 ml. of a 30 per cent homogenate were incubated with 20 y of crotoxin 
for 15 minutes at 37°, the Qo, of choline oxidase was reduced from 10.6 to 
7.0. Succinoxidase is completely inactivated under these conditions. 


DISCUSSION 


Several investigators have succeeded in obtaining inactivated succinoxi- 
dase preparations which contain partially intact succinic dehydrogenase 
and cytochrome oxidase. Such preparations have been made by treatment 
with bile salts (15, 16), by repeated isoelectric precipitation or ultracen- 
trifugation (17), by ammonium sulfate precipitation (18), by incubation 
with pancreatin (19), or by treatment with reducing agents (20). Keilin 
and Hartree (1) have pointed out that there are two possible explanations 


1 We are indebted to Dr. D. R. Strength for performing the assay of choline oxi- 


dase. 
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for the inactivation of succinoxidase without destruction of succinic dehy- 
drogenase and cytochrome oxidase: (a) A component may have been de- 
stroyed which is essential for transmitting hydrogen (or electrons) from 
succinic dehydrogenase to cytochrome c, or (6) there may have taken place 
a change in the colloidal structure of the system, which has made cyto- 
chrome c inaccessible to succinic dehydrogenase. 

In the present work we have presented data showing that a small frac- 
tion of the mitochondrial lecithin (less than 10 per cent) is essential for the 
interaction of succinic dehydrogenase and the remainder of the succinoxi- 
dase system. The complete hydrolysis of the mitochondrial lecithin and 
the complete inactivation of the succinoxidase system do not coincide, a 
fact which could indicate that lecithin may not be a link between succinic 
dehydrogenase and cytochrome c. However, the lecithin associated with 
the succinoxidase system could be more easily hydrolyzed than the remain- 
ing lecithin associated with the mitochondrial preparation and thus account 
for the partial hydrolysis necessary to inactivate succinoxidase completely, 

According to Slater (20), the non-specific inhibitors of the succinoxidase 
system, which act by affecting the colloidal structure of the enzyme prep- 
arations, possess certain characteristics which enable them to be distin- 
guished from the more specific inhibitors. The non-specific inhibitors (a) 
usually inhibit the cytochrome oxidase almost as strongly as the succin- 
oxidase system, (b) affect the succinoxidase system to a greater extent if 
cytochrome c is not added during the measurement of the enzyme activity, 
and (c) the inhibition is often reversed by calcium phosphate gel or some 
denatured proteins. 

The destruction of succinoxidase by a partial hydrolysis of the mito- 
chondrial lecithin has not the characteristics of the effect of a non-specific 
inhibitor. Therefore, a lecithin-containing compound may be located be- 
tween succinic dehydrogenase and cytochrome c, which carries out a spe- 
cific function. This function could be to keep cytochromes b and c in the 
correct spacial relationship to one another. The lecithin could also be 
part of the oxidation-reduction catalyst, believed to be present between 
cytochromes and (20). 


SUMMARY 


Crystalline lecithinase A prepared from the venom of Crotalus lerrificus 
terrificus and also a preparation of pancreatic lecithinase A have been 
shown to inactivate succinoxidase in rat liver homogenates and in rat liver 
mitochondria. The inactivation is complete before all lecithin associated 
with the mitochondrial preparation is hydrolyzed. The inactivation is not 
due to an inhibiting or to a lytic effect of lysolecithin. Cytochrome oxi- 
dase and succinic dehydrogenase (as measured by methylene blue) are not 
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appreciably affected by lecithinase A under conditions which completely 
inactivate succinoxidase. Succinic dehydrogenase, cytochrome oxidase, 
and also choline oxidase and malic oxidase are inactivated by lecithinase 
A, but much more slowly than is succinoxidase. The inactivation of suc- 
cinoxidase is not overcome by the addition of cytochrome c. It is inferred 
that lecithin may be a part of a component linking succinic dehydrogenase 
and cytochrome 


12. 
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STUDIES OF METABOLIC TURNOVER WITH TRITIUM AS A 
TRACER 


II. GROSS STUDIES ON THE RAT* 


By ROY C. THOMPSON 


(From the Biology Section, Department of Radiological Sciences, General Electric 
Company, Richland, Washington) 


(Received for publication, June 30, 1952) 


The previous paper in this series described the long term retention of 
tritium activity by mice which were administered tritium oxide (1). Ob- 
servations extended over a period of 160 days, and measurements were of 
the tritium activity of the whole mouse. 

In the present study rats were employed as test animals, and measure- 
ments of tritium retention were made on individual organs and tissues at 
intervals up to 281 days following tritium oxide administration. As in 
the previous study, the wide range of dilution over which the tritium 
activity of labeled tissue constituents may be followed permitted the detec- 
tion of components of slow turnover rate which would have gone unnoticed 
in similar experiments employing deuterium as a tracer. The significance 
of these “‘undynamic body constituents”’ is discussed. 


Methods 


The animals employed were forty Sprague-Dawley female rats weighing 
175 + 10 gm. at the start of the experiment. ‘The diet throughout the 
experiment was Purina dog chow ad libitum. Each animal was given a 
single intraperitoneal injection of 15.2 me. of tritium oxide in | ml. of 
physiological saline. Groups of four rats were sacrificed at intervals of 
1, 6, 12, 20, 32, 53, 83, 131, 193, and 281 days following injection. They 
were sacrificed by decapitation and rapidly dissected to obtain the following 
samples: blood, heart, lungs, liver, spleen, kidneys, brain, stomach (con- 
tents removed), small intestine (contents removed), large intestine (con- 
tents removed), fat (genital and perirenal), pelt (dorsal), bone (left femur), 
and muscle (adjacent to left femur). Individual samples were weighed 
fresh and pooled for the four rats. The residual carcass was ground and 
treated for removal of body water. Residual carcasses from the last two 
groups of rats sacrificed were ground thoroughly, and an aliquot was ana- 
lyzed for tissue-bound tritium. 


* This paper is based on work performed under contract No. W-31-109-Eng-52 for 
the Atomic Energy Commission. 
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Treatment of the samples for removal of body water and combustion of 
the dry residue for tissue-bound tritium determination were as described 
in a previous publication (1). Details of the tritium counting procedures 
were briefly described previously (1) and will be described in detail by 
others.! 


MICROCURIES PER RAT 


200 300 
TIME IN DAYS 

Fic. 1. Retention of body water tritium in rat 


Results 


Tritium Oxide in Body Water—-F¥or the first three groups of rats sacri- 
ficed, tritium content in body water was determined for all the samples. 
As previously reported for deuterium oxide (2), the tritium oxide concen- 
tration in the body water did not vary among different organs and tissues 
of the same animal. For the remaining seven groups the tritium oxide 
concentration of body water was determined for residual carcass only and 
the tritium oxide content of the total body water calculated from the 
known total weight of water in all samples. 

The loss of tritium activity in body water as a function of time is shown 


1 Healy, J. W., manuscript in preparation. 
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graphically in Fig. 1. The biological half life of body water in the rat, 
calculated from the initial slope of this curve, is 3.3 days. This compares 
with a value of 3.6 days reported by Boxer and Stetten, based on the 
excretion of deuterium oxide by a single rat (3). Beyond 30 days the 
slope of the tritium curve of body water decreases progressively as the rate 
of release of tissue-bound tritium becomes the controlling factor in de- 
termining the tritium concentration of body water. 


Taste 


Concentration of Tissue-Bound Tritium Following Intraperitoneal Injection of 
Tritium Oxide 


Group No. x 2 3 4 5 6 ? 8 9 10 
Time killed, days eee 1 6 12 w 32 53 &3 131 193 281 
Average rat weight, gm. 184 186 188 197 195 223 240 242 280 288 


Tissue-bound tritium, sc. per gm. wet weight 


Heart 730.610. 590. 260.13 '0.0430. 0220. 0091 0.0072 0.0037 
Lungs 0.94.1.0 0.580.270.13 0.055.0.033'0.021 | 0.013 | 0.014 
Liver 3.4 2.0 0.880.31 0.098 0.026 0.0120.0057, 0.0023 0.0014 
Kidneys 1.3 1.1 0.570.24 0. 097 0.036 0.029 0.0087, 0.0053, 0.0024 
Stomach 1.5 1.0 0.650.210.11 0.0500. 0260.020 | 0.014 | 0.012 
Small intestine (2.4 1.2 0. 710. 240. 086 0. O47 0. 024'0.013 0.0073) 0.0057 
Large 1.3 1.1 0.540.230.12 0. 058 0.0330.016 | 0.013 | 0.012 
Brain 0.69 0.620.620.370.22 0.14 0. 0730.059 | 0.044 | 0.033 
Blood 0.670.300.19 <0.001 |<0.001 
Fat 0581.5 1.4 1.1 0.62 6.36 0.12 0. O84 | 0.044) 0.019 
Muscle 0.171. 0.600.320.23 0.15 0.06810. O40 0.018 | 0.012 
Bone 0.500.390.270.17 0.11 0.0910. 075 0.055 0.054 
2.0 1.1 0.670.430. 24 0.22 0.17 0.13 | 0.067 


Tissue-Bound Tritium—-In Table I are summarized the results of analyses 
for tissue-bound tritium in the various organs and tissues sampled, the data 
being expressed in terms of microcuries per gm. of wet tissue. Values for 
the spleen are not shown because of unexplained erratic variations in 
analyses. 

24 hours after tritium oxide injection the highest bound tritium concen- 
trations are present in those tissues generally considered to be the most 
active metabolically; e.g., liver, small intestine, and blood. Rather sur- 
prisingly, the concentration of bound tritium in the pelt is also among the 
highest noted. ‘This is perhaps not unreasonable when one considers the 


synthetic activity involved in maintaining the hair of a fur-bearing animal. 
Those tissues which one would consider least active metabolically, e.g. 
muscle, bone, and fat, show the lowest tritium concentration in the 
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first group. All the samples showed detectable concentrations of tritium 
throughout the experiment, except the blood which fell below detectable 
limits after the 131 day group was sacrificed. At the conclusion of the 
experiment the highest concentration of tritium was present in the pelt, 
followed closely by that in the bone and brain. 

The form in which the data are expressed in Table I is not suitable for 
determining turnover rates because the decrease in tritium concentration 


MICROCURIES PER TISSUE 


8 


100 200 
TIME IN DAYS 
Fic. 2, a. Retention of tissue-bound tritium in muscle, fat, and brain of rat 


300 


in a given organ or tissue is due not only to metabolic turnover but also to 
dilution as a result of growth. The data of Table I, therefore, have been 
recalculated to a total tritium per organ or tissue basis, and the results are 
shown graphically in Fig. 2, a to d, the logarithm of tissue tritium content 
being plotted against time. Where a partial sample of the tissue was 
analyzed, the total tissue content was estimated on the basis of the follow- 
ing assumed percentages of total body weight (4): blood 6 per cent, pelt 18 
per cent, bone 6.25 per cent, fat 7 per cent. Total muscle weight was 
obtained by difference. The total tritium activity of the rat, obtained by 
adding the calculated totals for all organs and tissues, was checked against 
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the measured total activity in the ninth and tenth groups in which a 
representative aliquot of the residual carcass was analyzed. For the ninth 
group the calculated total and the measured total were the same, 8.6 uc. 
per rat. For the tenth group the calculated total was 6.9 ue. per rat; 


the measured total, 6.7 we. per rat. 


100 


MICROCURIES PER TISSUE 


GOOF 00 200 300 
TIME IN DAYS 


Fic. 2, 6. Retention of tissue-bound tritium in pelt, blood, small intestine, and 
lungs of rat. 


The curves shown in Fig. 2 were resolved into straight line components. 
Biological half lives for the various components of each tissue, as deter- 
mined from the slope of the component line, are given in Table II. 

In order to assess the significance of these components and their biological 
half lives properly, it is necessary to describe in some detail the procedure 
followed in resolving the curves. The longest lived components were, in 
general, determined by the last 3 or 4 points on the curve. Since the half 
lives of these components are of the same order of magnitude as the time 
period over which the points defining the line were obtained, it is clear 
that no great precision can be claimed. In most cases, these last 3 or 4 
points fell reasonably well along a straight line. In several instances, 
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however, the points would have been best fitted by a curve of slightly 
decreasing slope. In all cases the best straight line was drawn, since it 
was felt that the data did not warrant an attempt at multiple resolution 
of the long lived component. ‘This policy leads to a value for the half life 
of the long lived component which, in most cases, should be interpreted as 
a minimum rather than an average value. It should also be pointed out 
that the straight lines of maximum and minimum slope that could be drawn 


100 
50 


MICROCURIES PER TISSUE 


100 200 300 
TIME IN DAYS 
Fic. 2, c. Retention of tissue-bound tritium in bone, kidney, and heart of rat 


through the confidence limits of the last few points on these curves would 
lead to considerably different values for the biological half life, approaching 
in several instances a value of infinity for the line of minimum slope. 
Subtracting the long lived component revealed in every case a component 
of intermediate biological half life. The exact value for the biological half 
life of this component is again rather uncertain, depending to a considerable 
degree on the construction of the long lived component. Subtracting the 
component of intermediate half life left, in most instances, a component 
with a biological half life of from 3 to 5 days. Where this short lived 
component was not observed, its absence is explainable by the presence of 
a build up in bound tritium, extending for several days following the 
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injection, which would tend to mask or distort any short lived component 
that might be present. 


MICROGURIES PER TISSUE 


100 200 
TIME IN DAYS 
Fig. 2, d. Retention of tissue-bound tritium in liver, large intestine, and stomach 


of rat. 
TaBLe II 
Biological Half Lives of Tissue Components (Days) 
Sh I - | L | Sh ioe - L 
| ponent (component ponent | ponent component | ponent 
Heart | §.6 110 Brain | 15 180 
Lungs | 40; 10 | 140 Blood —«B.0 17 
Liver | | 13 85 
Kidneys 46; 13 | 80 ! Musele | 2.9 19 | 85 
Stomach 5.1 14 | 280 Bone 9.5 240 
Small intestine 16 130 7.6 | 150 
Large | 3.5 19 
DISCUSSION 


It is clearly evident that no precise significance can be attached to the 
numerical values listed for biological half lives in Table II nor to close 


100 
50 
5 
i 
=( 
~ ‘ 
OF 
0.05- >.LIVER | 
MARGE INTESTINE 
| | 
0.005- 
(UM 


738 TRITIUM AS TRACER IN METABOLISM. II 


comparisons between these values. It is significant, however, and of inter- 
est that the many different tissue compounds that must be involved in 
binding tritium should group themselves as clearly as they do into the 
major components listed. It is also significant that, with the single excep 
tion of the blood, every tissue investigated gave unmistakable evidence 

of the presence of a substantial component of relatively long biological 
half life (80 days or longer). 

In any attempt to evaluate the significance of these half lives in terms of 
tissue compound turnover, several uncertainties must be taken into ac- 
count. The early portions of the retention curves are not analogous to 
simple first order reaction curves, since significant tritrum oxide activity 
remains in the body water for some time after injection, and additional 
incorporation is occurring coincident with the loss of tissue-bound tritium. 
This has resulted in the practical obliteration of the short lived component 
in the curves for several tissues and has most probably significantly affected 
the slope of the early portion of all of the curves. These short lived com- 
ponents may be attributed, at least in part, to the freely exchangeable 
hydrogen of the tissue, which would reflect the biological half life of the 
body water (3.3 days). Such a component should be present in all the 
samples, since the dried materials analyzed for tissue-bound tritium were 
not washed to remove freely exchangeable tritium. 

The extent to which the tissues and organs studied may be considered as 
isolated systems is another uncertainty in the interpretation of the retention 
eurves. Does the long lived component of a given tissue represent tritium- 
labeled compounds which are actually turning over at this slow rate, or 
is the activity level representing this component simply being maintained 
by continuous pickup of tritium released from other tissues? Such trans- 
fer, if it does occur, cannot be via breakdown of tritium-labeled compounds 
to form tritium oxide and reincorporation of the tritium from the oxide, 
since at the end of the experimental period the activity of tritium in the 
hydrogen of body water was lower than that of the hydrogen in any of the v 
tissues studied (with the possible exception of blood). Such a transfer tl 
mechanism would also not explain the retention of tritium activity in the Pp 
larger tissues studied, since no reservoir exists for replenishing their activity. a 

re 
is 


For the smaller organs one can state with certainty only that compounds 
present in these organs are being lost from the whole animal at a rate no 
greater than that indicated by the observed half life. It follows necessarily 
that there must exist in the animal a truly endogenous metabolism in lg 
which these compounds, at whatever rate they may be turning over in a ti 
specific tissue, are being only very slowly resynthesized or replaced from Ic 
dietary sources. a 

The quantitative significance of the components of different half lives is 0! 


R. C. THOMPSON 739 


not easily ascertainable from the results of the present experiment. Such 
information could best be obtained from chronic exposure experiments 
which would allow the attainment of equilibrium activities in the various 
components. It is possible, however, from the available data to arrive at 
estimates of the magnitudes of these components, providing certain as- 
sumptions as to the mechanism of tritium incorporation are allowed. 

The tissue-bound tritium is derived from tritium present in the body 
water of the animal, which must attain a uniform distribution very soon 
after injection of tritium oxide. ‘The concentration of tritium in the body 
water hydrogen over the period during which significant activity is present 
is an exponential function of time (see Fig. 1) which may be represented 
by the equation 

(1) 


where y = tritium activity of water-bound hydrogen at time, ¢ (in days), 
following administration of tritium oxide; yp is the tritium activity of 
water-bound hydrogen when ¢ = 0; and 0.21 is the rate constant for loss 
of tritium activity from body water, evaluated from the slope of the linear 
portion of the curve in Fig. |. The value of yo is the tritium injected per 
rat per gm. of hydrogen in the body water of the rat which, for the present 
experiment, calculates to be 1140 ue. per gm. 

Let us now make the reasonable assumption that the rate of incorpora- 
tion of tritium in a tissue component is proportional to the concentration 
of tritium in the hydrogen of body water, and that the loss of tritium from 
tissue compounds is proportional to the concentration of tritium in the 
metabolically incorporated hydrogen of these compounds. We may ex- 
press these assumptions in the equation 


MY — Aw (2) 
where x = tritium activity of the metabolically incorporated hydrogen of 
the compound, and X,; and 2 are the rate constants for the two opposing 
processes of incorporation and loss. The rate constant for loss of tritium 
activity, Ax, may be evaluated for any component from the slope of the 
retention curve for that component and in terms of biological half life (7') 
is equal to 0.693/T’. 

For an animal in which all metabolically labile hydrogen was uniformly 
labeled with tritium, and maintained at this uniform level, the rate of 
tissue-bound tritium incorporation, \,yy, would equal the rate of tritium 
loss, Ast. Since x and y would be equal, \; would equal A». We shall 
assume that this equality in rate constants also exists under the conditions 
of the present experiment. 
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We may then rewrite Equation 2 as 


dx 0.693 
(y — (3) 
If we substitute for y in the above equation its equivalent from Equation 1, 


insert the numerical value of yo, and integrate, we obtain the following: 


3750 


—0.21¢ — —0.693t/T 


As derived, x represents the tritium activity (in microcuries per gm.) of 
metabolically incorporated hydrogen in a component with biological half 
life, 7, at any time, ¢, after tritium oxide injection. This quantity z may 
be related to the total tritium activity of a tissue component by the ex- 
pression 


xX 
| X = WKz, or K Wa (5) 
where X = total tritium activity of the component (in microcuries), W 


= the total weight of the tissue (in gm.), and K is a fraction representing 
the ratio of the weight of metabolically incorporated hydrogen in the tissue 
component to the total weight of the tissue. Substituting the value of x 
from Equation 4, we have 


X(3.3 — T) 
W(3750)(e-0-1t — @-0.6931/7) 


Table III shows values of K X 100 calculated for each of the tissue 
components listed in Table II. These were calculated from Equation 6, 
with a value of 20 days for @ and the values of T listed in Table II, the 
values of X at 20 days from the straight line representing the tissue compo- 
nent resolved from tritium retention curves, such as those shown in Fig. 2, 
and for W the dry weight of the total tissue. The values of K in Table 
III, therefore, represent an estimate of the per cent of the dry weight of 
each tissue or organ which is metabolically incorporated hydrogen with a 
biological half life equal to that of the component in question. A com- 


r 


(6) 


2 Values of K calculated for different values of ¢ should be identical if all of the 
assumptions involved in the derivation of Equation 6 are valid. Actually, the values 
of K calculated for a given component at various values of ¢ differ only slightly in the 
case of the intermediate and long lived components, but show a rather marked up- 
ward trend in the case of the short lived components as smaller values of t are chosen. 
The value of 20 days was chosen as being reasonably far removed from the earliest 
portion of the retention curve, where resolution of the component is least certain 
(and where the assumptions involved in the derivation of Equation 6 are least likely 
to be valid), but not so far removed from the early portion of the retention curve as 
to involve unreasonable extrapolation of the short lived component line. 
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parison of these percentages for the different components of a given tissue 
or organ should, therefore, give an indication of the relative magnitude of 
the various components. 

The extent to which the values of Table III may be considered valid 
depends upon the validity of the assumptions made in deriving Equation 6. 
Uncertainty attaches primarily to the assumptions involved in passing 
from Equation 2 to Equation 3. The rate of tritium incorporation assumed 
in Equation 3 is (0.693/7) y. This term will be an accurate representa- 
tion of the rate only when the processes of incorporation are those involved 
in the normal metabolic maintenance of a steady state. Incorporation of 
tritium via simple exchange reactions will not be properly represented by 
Equation 3; incorporation of tritium via exchange will be practically instan- 


III 
Concentration of Metabolically Replaceable Hydrogen in Dry Tissue in Per Cent 
Sh | Inter- — Sh Inter- L 
Organs and tissues come Total come Total 
ponent ponent ponent ponent ponent ponent 
Heart 0.29 | 0.27 | 0.24 | 0.80 | Brain 0.78 | 1.7 | 2.5 
Lungs 0.18 0.36 0.48 — 1.0 Blood 0.27 | 1.1 1.4 
Liver 0.69 0.11 | 0.095 0.90 | Fat 0.72 | 0.73 | 1.4 
Kidneys 0.31 0.29 0.25 0.85  Musele | 0.18 0.54) 1.1 1.8 
Stomach 0.29 0.29 | 0.82 | 1.4 Bone | 1.3 
Small intestine 0.41 | 0.24 > 0.27 | 0.92. Pelt | 0.29 | 2.7 | 3.0 
Large -" 0.27 0.55 0.92 | 1.7 | | 


taneous, and the apparent rate of loss of such freely exchangeable tritium 
will be the turnover rate of body water. Therefore, the figures in Table 
III for the short lived component are exaggerated to the extent that ex- 
changeable tritium is included in the activity measurements. 

Incorporation of tritium which results from growth of the animal during 
the experimental period will likewise be falsely represented by Equation 3. 
The process of growth necessarily involves incorporation at a more rapid 
rate than loss. This effect will be relatively less significant in the more 
rapidly metabolizing Components and should result in an exaggeration of 
the figures in Table III for the long lived components, as compared to the 
shorter lived components. 

Assuming 0.693/7 to be an accurate representation of the rate constant 
for metabolic turnover, the use of y as the tritium concentration term is 
justifiable only if the tritium is incorporated directly from the hydrogen 
of body water or from intermediates in equilibrium (in regard to tritium 
activity of metabolically labile hydrogen) with body water. Intermediates 


| 
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are almost certainly involved in most of these processes, and it is unlikely 
that all of these should rapidly equilibrate with the hydrogen of body water. 
To the extent that they are not in equilibrium, values in Table III will be 
too low. ‘The total values for metabolically replaceable hydrogen listed 
in Table III are indeed lower than one might expect. They range from 
0.8 to 3.0 per cent of the dry weight of the tissue. 

While the above considerations seriously limit the conclusions which 
one may draw from Table III and point out the need for more pertinent 
investigation, it nevertheless seems worth while to consider briefly the 
implications of Table III if taken at face value. The magnitude of the 
short lived component should be indicative of the level of metabolic activity 
in the various tissues. If we compare the tissues and organs on this basis, 
we obtain the following order for decreasing magnitude of the short lived 
components: liver > small intestine > kidneys > heart = stomach > 
blood = large intestine > lungs = muscle. The magnitude of the long 
lived component, on the other hand, should be a measure of the metabolic 
inertness of the various tissues, and, comparing on this basis, we obtain 
the following order for decreasing magnitude of the long lived components: 
pelt > brain > bone > muscle > large intestine > stomach > fat > lungs 
> small intestine > kidneys > heart > liver. These are reasonable 
sequences and serve to strengthen one’s impression of the general com- 
parability of the figures. 

It will be noted that, for the majority of tissue and organs, the long lived 
component constitutes over half of the total metabolically replaceable 
hydrogen. Such a conclusion is at variance with the generally accepted 
hypothesis of the ‘“‘dynamic state of body constituents” based largely on 
the tracer studies of Schoenheimer and Rittenberg (5). It does not, how- 
ever, contradict the experimental data upon which this hypothesis was 
based. It is also in general agreement with recently presented evidence 
for the existence of long lived protein components (6-8). 

The fact that substantial long lived components were found in every 
organ and tissue studied (with the exception of blood) suggests that no 
single compound or type of compound is involved. It seems more probable 
that the slow turnover of these components is determined by their func- 
tional involvement in the organism rather than solely by their chemical 
structure. 

The legitimacy of tritium as a tracer for hydrogen in gross metabolic 
studies has not been experimentally established. Experiments in progress 
at this laboratory comparing the behavior of deuterium and tritium in the 
same animal should shed much light on this question. The conclusions 
presented in this paper would be greatly altered, should an appreciable 
difference in tritium and deuterium metabolism be found. 
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SUMMARY 


Tritium oxide was administered intraperitoneally to forty rats. The 
animals were sacrificed at intervals following administration and tritium 
of body water and tissue-bound tritium were determined in various organ 
and tissue samples. The biological half life of body water in the rat was 
found to be 3.3 days. All organs and tissues sampled (except blood) con- 
tain components which lose tissue-bound tritium with a biological half life 
of 80 days or longer. Evidence is presented which suggests strongly that 
these long lived components represent a significant proportion of the total 
animal tissue. 


The author wishes to acknowledge the technical assistance of John E. 
Ballou and the Analysis Group of the Biology Section. 
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The quantitative relation between a hormone and its ability to retard or 
accelerate a given metabolic reaction has naturally been a matter of great 
interest. Estimates of ratios of this type have been reported from time 
to time in the literature. The unavailability of exact quantitative meth- 
ods for the determination of hormones in the small amounts associated 
with biological activity and the difficulty of measuring the specific re- 
actions at the site of hormonal acceleration have hitherto made such cal- 
culations indirect. Furthermore the assumptions made have been of 
equivocal character. Such estimates have therefore been of dubious 
value. The recent demonstration (1) that insulin is bound by tissues in 
active form, together with the availability of isotopic insulin (2), makes it 
possible to measure accurately the amount of bound insulin per unit of 
weight of tissue and at the same time determine the resultant acceleration 
of a specific metabolic reaction. ‘These methods when applied to the 
synthesis of glycogen from glucose by rat diaphragm in vitro give for the 
first time an exact measurement of biological activity of a hormone per 
unit of weight. Measurements of this character on normal and hypophy- 
sectomized rats are reported in this paper. 


Determination of Acceleration of Glycogen Synthesis by Bound Insulin 


Normal Rat Diaphragms—The data on the effect of bound isotopic in- 
sulin sulfate on glycogen synthesis by surviving diaphragms of normal 
rats in vitro are given in Fig. 1. The experiments were performed as fol- 
lows: Each hemidiaphragm was divided into three parts. One-third of 
one hemidiaphragm plus one-third of the other composed one sample. 
Three such samples were obtained; viz., Sample 1, control, no treatment 
with insulin; Samples 2 and 3, equilibrated with isotopic insulin sulfate for 
1 minute, washed three times for 30 seconds each. The three portions 
were then equilibrated aerobically separately for 90 minutes in the pres- 
ence of 0.4 per cent glucose. At the end of this time Samples 1 and 2 were 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 
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analyzed for glycogen to give the effect of insulin on glycogen synthesis and 
Sample 3 was analyzed for isotopic insulin bound to the diaphragm by 
methods previously described (2). Over the range studied there is an 
excellent linear relation between bound insulin and the extra glycogen 
synthesis. The regression coefficient of this line gives the extra amount 
of glucose which is converted to glycogen by the rat diaphragm under the 


Insulin Effect on Glycogen Synthesis 
Mg / Gram of Muscle / Hour 


3.6 
3.0 


2.4 


T T T T T 

0.2 0.4 0.6 0.8 1.0 
Bound _ Insulin 
Microgram per Gram of Muscle 
Fic. 1. The effect of insulin bound by diaphragm from normal rats on the syn- 

thesis of glycogen from glucose in vitro. The line is statistically calculated and 
shows an acceleration of glycogen synthesis of 3.6 + 0.76 mg. per hour per micro- 
gram of insulin bound by 1 gm. of muscle. 


accelerating action of a unit mass of bound insulin. It is 3.6 + 0.76 mg. 
per hour per microgram of insulin bound by 1 gm. of muscle. 

This “acceleration value” of insulin was determined in a different way 
by accomplishing the binding of the insulin to the diaphragm ‘“‘in vivo” 
rather than “zn vitro;” viz., 0.5 to 2.0 units of isotopically labeled insulin 
was injected subcutaneously into the rats. 30 to 45 minutes later the ani- 
mals were sacrificed and the diaphragms removed. Essentially, then, these 
diaphragms were equilibrated with the low concentration of insulin exist- 
ing in the blood for a long period rather than at relatively high insulin 
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concentrations in vitro for a short time. The diaphragm was divided into 
three parts which were treated as follows: Sample 1, analyzed for initial 
glycogen; Sample 2, washed for 15 minutes in oxygenated saline and then 
equilibrated for 90 minutes in oxygen with phosphate-saline medium 
containing 0.4 per cent glucose but no added insulin and then analyzed for 
glycogen; Sample 3, same as Sample 2 but finally analyzed for isotepic 
insulin bound by the diaphragm during the 30 to 45 minute period fol- 
lowing injection. The diaphragms from a parallel series of eighteen rats 


TABLE I 


Acceleration of Glycogen Synthesis per Microgram of Bound Insulin by Isolated Rat 
Diaphragm in Vitro 30 to 45 Minutes after Subcutaneous Injection of Insulin 


See the text for details of the methods. 


: i Extra glycogen Acceleration value, mg. 
l 0.18 0.76 4.2 
2 0.27 1.28 4.8 
3 0.28 1.02 3.6 
4 0.29 0.82 2.8 
5 0.30 1.62 5.5 
6 0.38 1.68 4.3 
7 0.48 1.88 4.0 
8 0.55 0.59 1.1 
9 0.59 0.71 1.2 
10 0.67 1.23 1.8 
11 0.78 1.05 1.4 


* A control series of eighteen rats not injected with insulin gave mean synthesis 
of glycogen of 1.3 + 0.15 mg. per gm. per hour. 


not injected with insulin gave a mean value 1.3 + 0.15 mg. per gm. per 
hour for glycogen synthesis in the absence of insulin. From these data 
(Table I) it is possible to calculate the insulin effect on glycogen synthesis 
and the ratio of the extra glycogen synthesis to the bound insulin. The 
results are in substantial agreement with those obtained by the first 
method. In the mean the acceleration value is 3.2 + 0.5 mg. per micro- 
gram per gm. of muscle per hour. 

In both types of experiments described the insulin analyses represent the 
hormone content at the end of the 90 minutes of equilibration. However, 
we believe that these values give an accurate measure of the bound in- 
sulin, since we have previously shown (2) that after 15 minutes of equili- 
bration very little if any insulin is removed by further washing. 
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It must be emphasized that this value for the acceleration of glycogen 
synthesis by insulin applies only to the response of a diaphragm of a rat 
of the Wistar strain in a state of ‘“‘normal”’ endocrine balance following an 
18 hour fast. As we will subsequently show, this value may be greatly 
altered by alterations of endocrine states, strain of rat, ete. 

Diaphragms from Hypophysectomized Rats—We have previously shown 
that the effect of bound insulin on glycogen synthesis by the isolated rat 
diaphragm is greatly increased after hypophysectomy (3). We postu- 
lated that there were two possible ways of interpreting this increased 
sensitivity to insulin: (1) under identical conditions of exposure to insulin 
more insulin combines with the diaphragm from the hypophysectomized 
rat than with the diaphragm from the normal rat; or (2) the amount of 
insulin combining with the diaphragm is not altered by hypophysectomy, 
but the physiological activity per unit mass is greater in the diaphragm 
from the hypophysectomized rat. 

We have studied this problem with the help of labeled insulin and the 
results of our experiments are in agreement with the second hypothesis. 


Methods 


These are similar to those used in the experiments with normal rats. 
The isotopic insulin was obtained by labeling with S**, as described in a 
previous paper (1). 

Hypophysectomized rats of the Sprague-Dawley strain were obtained 
from the Hormone Assay Laboratories, Chicago, Illinois. Because this 
strain differed significantly in insulin response from normal Wistar rats, 
normal controls of the same age and strain were obtained from the same 
source. Both normal and hypophysectomized rats were given ad libitum 
a diet of standard rat food supplemented with whole wheat bread and fresh 
carrots. Neither control nor hypophysectomized rats were fasted prior 
to the experiment. The hypophysectomized rats were used 16 to 21 days 
after operation. 

Bound Insulin—In Fig. 2 are shown data obtained from diaphragms of 
normal and hypophysectomized Sprague-Dawley rats following a_pre- 
liminary exposure for 1 minute to varying concentrations of isotopic in- 
sulin. For simplicity of representation the data obtained from the normal 
Sprague-Dawley rats are given as the regression line, together with lines 
placed 2 standard errors of estimate on either side of the mean line. In 
most cases the data from the hypophysectomized rats are not significantly 
different from the normal values. These results are contrary to those 
expected on the basis of the hypothesis (1) stated above; namely, that 
under identical conditions of exposure to insulin more is bound by dia- 
phragms from hypophysectomized than from normal rats. This hypothe- 
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sis can therefore be excluded as the cause of the increased sensitivity to 
insulin observed in these animals. 

Acceleration of Glycogen Synthesis—The comparison of the insulin effect 
on glycogen synthesis with the actual amount of insulin bound when 
hypophysectomized rats are employed was obtained by the methods pre- 


BOUND INSULIN 
Microgm / gram muscle 


1Ow 
0.8 


0.6 - 


0.4 0.6 0.8 1.0 
Fixation Concentration, Units / ml. 


Fic. 2. Comparison of insulin bound by diaphragms from normal and hypophy- 
sectomized Sprague-Dawley rats as a function of the isotopic insulin concentration 
during a 1 minute fixation period. The bound insulin is measured after 90 minutes 
of equilibration in phosphate-saline medium. The data from normal rats are repre- 
sented by the regression line, together with lines placed 2 standard errors of estimate 
on either side of the mean line. The data from hypophysectomized rats are indi- 
cated by dots. Regression coefficients, normal rats, 1.16 + 0.078; hypophysecto- 
mized rats, 0.71 + 0.062. Standard error of estimate, normal 0.080; hypophysecto- 
mized, 0.090. 


viously outlined for normal rats. Both normal and hypophysectomized 
Sprague-Dawley rats were used to obtain the data shown in Fig. 3. Each 
point represents the mean values (N = 5 to 12) of concordant values (the 
coefficient of variation averaged 0.15) of the bound insulin and the cor- 
responding insulin effect on glycogen synthesis obtained following equili- 
bration of the diaphragms for 1 minute in insulin at concentrations of 0.05, 
0.1, 0.2, and 0.5 units per ml. respectively. For comparison the mean 
line obtained with normal rats of the Wistar strain is reproduced from 
Fig. 1. The data show that (1) normal rats of the Sprague-Dawley strain 
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exhibit insulin effects per microgram of bound insulin less than those found 
with Wistar rats; (2) the accelerating action per microgram of bound in- 
sulin is very greatly increased following hypophysectomy. This sensi- 
tivity to insulin is particularly marked when the bound insulin is small. 
Amounts which produce little or no effect in normals produce almost 
maximal effects in the hypophysectomized rat. 


insulin Effect on Glycogen Synthesis wie’ 
Mg / Gram of Muscle / Hour og oO 


Bound Insulin 


Microgram per Gram of Muscle 


Fic. 3. Comparison of the effects of insulin bound by diaphragms from normal 
Wistar rats and normal and hypophysectomized Sprague-Dawley rats on the glyco- 
gen synthesis from glucose in vitro. Lach point represents the mean value (N = 5 to 
12) obtained following equilibration of the diaphragms for 1 minute in insulin-con- 
taining medium at varying concentrations of insulin ranging from 0.05 to 0.5 unit 
per ml. The data for normal Wistar rats are reproduced from Fig. 1. 


DISCUSSION 


The use of isotopic insulin to measure accurately the minute amounts 
of the active hormone bound to tissues makes it possible for the first time 
to determine directly the effect of a unit weight of insulin upon a single 
metabolic process in the mammalian organism. The accelerating action 
of insulin upon glycogen synthesis from glucose by the normal rat dia- 
phragm in vitro, the particular metabolic reaction chosen for study, proved 
to be of the general order of 3 to 4 mg. per hour per microgram of insulin 
bound by 1 gm. of the tissue. Considerable validity is given to this value 
because essentially identical results were obtained whether the binding 
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of the insulin was achieved by equilibrating the tissue in the insulin me- 
dium for a short period of time at relatively high concentrations or for 
longer periods of time at the low blood levels following intravenous injec- 
tions in the intact rat. 

In studying the effect of insulin on the glycogen synthesis of the rat 
diaphragm, it was found that the accelerating action of a unit weight of 
bound insulin may vary significantly from one strain of rats to another. 
Furthermore, in the same strain the removal of contrainsulin factors by 
hypophysectomy enables the insulin to exert its full effect, at concentrations 
of bound insulin which normally have little or no effect. This clearly 
establishes the site of a contrainsulin activity of the pituitary to be in 
the muscles. The finding that the binding of insulin per se is unaltered by 
pituitary removal eliminates from consideration one possible mode of 
action of pituitary inhibition. 

It should be pointed out further that the values given may be minimal 
for two reasons: (1) some inactivation of the hormone may occur during 
the preparation of the isotopic form; (2) the binding of insulin may occur 
in two ways: (a) at sites concerned with metabolic activity and () at sites 
which are metabolically indifferent. There is no way at present of dis- 
tinguishing between these alternatives. 


SUMMARY 


1. By the use of isotopic insulin the acceleration of glycogen synthesis 
by rat diaphragm per unit mass of bound insulin was measured. 

2. This value was found to be different in two strains of rats. 

3. There is no difference of binding of insulin under comparable con- 
ditions in the normal and hypophysectomized rat. But the acceleration of 
glycogen synthesis per microgram of bound insulin is greatly increased 
following removal of the pituitary. Evidently pituitary hormone has 
contrainsulin action in the periphery. 
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THE EFFECT OF HYPERGLYCEMIC-GLYCOGENOLYTIC 
FACTOR AND EPINEPHRINE ON FATTY 
ACID SYNTHESIS* 


By ELLA 8. HAUGAARDT anp WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 25, 1952) 


It is well known that the synthesis of fat by mammalian tissues is in- 
fluenced by hormones. For example Stetten and Boxer (1) showed that 
the synthesis of fat is markedly impaired in the alloxan-diabetic rat. 
Stetten and Klein (2) found that insulin increased the conversion of carbo- 
hydrate to fat in the normal rabbit. It was first demonstrated by Bloch 
and Kramer (3) that insulin stimulates fatty acid synthesis in vitro. They 
found that insulin increases the incorporation of isotopic acetate into 
fatty acids of rat liver slices in the presence of non-isotopic pyruvate. 
Later Brady and Gurin (4) reported that insulin stimulates fatty acid 
synthesis from acetate in the absence of added pyruvate. Liver slices 
from alloxan-diabetic rats (5, 6) and depancreatized cats (7) have almost 
completely lost the ability to synthesize fatty acids and synthesis is not 
restored by insulin in vitro. Normal fatty acid synthesis is restored after 
insulin injection in the alloxan-diabetic rat (8). Evidence has been ob- 
tained recently that the anterior pituitary (probably growth hormone) 
and adrenal cortical hormones influence the synthesis of fatty acids from 
acetate by liver slices (7). 

The present investigation is concerned with the effects of insulin, hyper- 
glycemic factor, and epinephrine on the incorporation of radioactive ace- 
tate into fatty acids by rat liver slices. 


Methods 


Male albino rats of the Wistar strain (about 150 gm.) were fed ad libi- 
tum on a diet of standard rat food. Bread was added to the diet 1 day 
before an experiment in most instances. The rats were killed by de- 
capitation and liver slices prepared with a Stadie-Riggs tissue slicer. Slices 
of one liver were distributed equally among two to four reaction flasks. 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 

t The data in this paper are taken from a thesis presented to the Faculty of the 
Graduate School of the University of Pennsylvania by Ella S. Haugaard in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 
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One portion was equilibrated at 38° in 20 ml. of Krebs-Ringer bicarbonate 
buffer (initial pH 7.4) containing radioactive acetate (0.005 m; 10,000 
c.p.m. per mg. of C). The other portions were incubated under identical 
conditions except that hormonal preparations were added as described 
in the experimental section. Fatty acids were isolated and radioactivity 
measured as described previously (9). 


TABLE I 
Effect of Hyperglycemic Factor on Incorporation of Radioactive Acetate into Fatty 
Acids by Rat Liver Slices 
Equilibration, 3 hours, 38°. Medium, 20 ml. of Krebs-Ringer bicarbonate buffer, 
pH 7.4, containing 0.005 m sodium acetate (10,000 c.p.m. per mg. of C). Gas phase, 
95 per cent O.-5 per cent CO». 


Specific activity of | —- Effect of hyper- 


Rat No. Hyperglycemic factor | fatty acids glycemic factor 
per mi. C.p.m. perme. C per cent 
1 0 174 
32° 104 —40 
2 0 24 
24* 14 —42 
3 | 0 34 
28* 25 | 
4 | 0 67t 
32° 55t —18 
0 168 
32° 144 —I4 
5 0 62 
25f 40 — 36 
5Ot 40 — 36 


t = 7.3, P < 0.001 | 


* Hyperglycemic factor, Lilly, lot E-1329. 
+t Equilibration for 1 hour. 
t Hyperglycemic factor, Lilly, lot 11049. 


Results 


Contrasting Effect of Amorphous and Crystalline Insulin on Fatty Acid 
Synthesis—In experiments performed for another purpose we attempted 
to obtain the accelerating action of insulin upon fat synthesis from isotopic 
acetate by rat liver slices. When Lilly amorphous insulin (W-1282),' at 
a concentration of 1 unit per ml. of medium, was used, the amount of 
isotopic acetate incorporated was found to be decreased rather than in- 
creased. In a series of eleven experiments the mean insulin effect was 


! We wish to thank Dr. F. B. Peck of the Lilly Research Laboratories for generous 
supplies of the hormonal preparations used in this investigation. 
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—15 + 5.4 per cent (0.01 < P < 0.02). The possibility that the amor- 
phous insulin was at fault was considered and accordingly the experiments 
were repeated with crystalline zine insulin (Lilly, T-2536, specially pre- 
pared to contain little hyperglycemic factor) at the same concentration. 
In these experiments the incorporation of acetate into fatty acids was in- 
creased: the mean insulin effect for 10 experiments was +25 + 6.3 per 
cent (P < 0.001). Using this preparation of insulin, we confirmed the 
results of Brady and Gurin (4) on the stimulatory effect of insulin on the 


TaB_e II 


Effect of Epinephrine on Incorporation of Radioactive Acetate into Fatty Acids by 
Rat Liver Slices 


For the experimental conditions, see Table I. 


Rat No. | Epinephrine® Hy | of! Effect of epinephrine 
per mi. | per mil. per mg. C per cent 
1 | 0 0 14.7 
| 5 | 0 10.4 —29 
| 10 | 0 | 7.3 —50 
2 0 | 0 82 
5 | 0 67 —19 
10 0 65 —21 
3 0 | 0 111 
10 | 0 | 92 —$7 
0 | 43 = 
10 : 43 | 93 —16t 
t= 4.4,0.01 < P < 0.02 


* Eastman Kodak Company. 
t Hyperglycemiec factor, Lilly, lot 11049. 
t Excluded from the mean. 


synthesis of fatty acids from acetate. These two series of experiments 
indicated that there is a substance (or substances) in the amorphous in- 
sulin preparation that counteracts the stimulatory effect of insulin. 

Effect of Hyperglycemic Factor on Fatty Acid Synthesis—To determine 
whether the hyperglycemic factor known to be present in amorphous 
insulin was the factor responsible for these contrasting results, we studied 
the effects of two preparations of hyperglycemic factor on the synthesis 
of fatty acids. The results are given in Table I. It is seen that both 
preparations of hyperglycemic factor significantly decrease the incorpora- 
tion of acetate into fatty acids. 

Effect of Epinephrine on Fatty Acid Synthesis—aAs epinephrine and hy- 
perglycemic factor act similarly in accelerating the breakdown of glycogen 
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in liver slices (10), it was of interest to study the effect of epinephrine on 
fatty acid synthesis. 

The results of the experiments with epinephrine are given in Table II. 
It is evident that epinephrine partially inhibits the synthesis of fatty acids 
from acetate. In the presence of both hyperglycemic factor and epineph- 
rine the decrease in fatty acid synthesis was not greater than in the presence 
of epinephrine alone. Sutherland and Cori (10) previously found that the 
effects of these substances on the breakdown of liver glycogen were not 
additive. They obtained evidence that both agents act by a similar 
mechanism. 

All of the hormonal preparations used in this investigation were assayed 
for their effects on glycogenolysis in liver slices. The assays were carried 
out under conditions identical to those employed in the experiments on 
fatty acid synthesis, except that the breakdown of glycogen was measured 
at different times during the incubation. The crystalline insulin prepara- 
tion had no significant effect on glycogen breakdown, whereas the amor- 
phous insulin, both preparations of hyperglycemic factor, and epinephrine 
accelerated glycogenolysis. The effects of the glycogenolytic agents were 
most pronounced during the Ist hour of incubation. 


DISCUSSION 


Sutherland and Cori (10) have reported that epinephrine and hyper- 
glycemic factor act similarly in accelerating glycogenolysis in liver slices. 
They concluded that both substances exert their effect on glycogen break- 
down by decreasing the enzymatic inactivation of phosphorylase, thereby 
increasing the rate of the phosphorylase reaction. Our findings that the 
hyperglycemic factor and epinephrine depress fatty acid synthesis from 
acetate indicate that reactions other than those of carbohydrate metabo- 
lism are also influenced by these hormones. It is possible that the effects 
of these hormones on the incorporation of acetate into fatty acids may be 
related to the increase in glycogenolysis. Sutherland and Cori (11) found 
that only about one-half of the extra glycogen broken down in liver slices 
in the presence of hyperglycemic factor could be accounted for as glucose. 
With an increase in glycogenolysis extra formation of pyruvate may be 
expected. Since pyruvate may be converted into a 2-carbon fragment, 
and thus dilute the pool of radioactive acetate, a decrease in the specific 
activity of the fatty acids would result. Such a mechanism cannot be 
excluded. As may be seen from the data in a previous paper (9), liver 
slices with high initial glycogen content incorporated greater amounts of 
acetate into fatty acids and underwent glycogenolysis to a greater extent 
than liver slices with a low initial glycogen content. From these observa- 
tions it does not appear that a dilution effect, such as may be caused by 
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epinephrine and hyperglycemic factor, would account for the lowering of 
the specific activity of the fatty acids. 

The possibility that epinephrine and hyperglycemic factor have an 
inhibitory effect on reactions involved in the synthesis of fat should be 
considered. The finding of Blixenkrone-Mgller (12) that epinephrine in- 
creases the output of acetoacetate by the perfused cat liver suggests that 
the metabolism of the 2-carbon unit may be altered by this hormone. 

There is evidence that epinephrine depresses glucose utilization in mus- 
cle (13). Such an effect may also be involved in the action of epinephrine 
and hyperglycemic factor in liver. It has been observed that the addition 
of glucose to the medium will increase the incorporation of radioactive 
acetate into fatty acids by liver slices (14). 


SUMMARY 


The stimulatory effect of insulin on the incorporation of acetate into 
liver fatty acids has been confirmed with a crystalline preparation of in- 
sulin. With an amorphous preparation of insulin a decrease in fatty acid 
synthesis was observed. 

Hyperglycemic factor and epinephrine were found to depress the in- 
corporation of acetate into fatty acids. 

The significance of these findings is discussed. 
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CALCIUM COMPLEXES OF ADENOSINETRIPHOSPHATE AND 
ADENOSINEDIPHOSPHATE AND THEIR SIGNIFICANCE 
IN CALCIFICATION IN VITRO* 


By VICTOR DIiSTEFANO W. F. NEUMAN 


(From the Division of Pharmacology and Toxicology, Department of Radiation Biology, 
School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, August 18, 1952) 


Robison (1) was the first to suggest that the mechanism of primary 
calcification involves the action of the enzyme phosphatase. Unfortun- 
ately, in spite of many subsequent studies, the presence of a suitable 
substrate on which phosphatase might act has never been established (2). 
Very recently, Cartier (3) has published evidence that ATP (adenosinetri- 
phosphate) may be the source of phosphate in primary calcification. This 
contention is strengthened somewhat by the recent discovery of ATP in 
cartilage by Albaum et al. (4). 

On the other hand, Gutman and Yu, working with slices of tibia taken 
from rachitic rats, have shown that ATP has a definite inhibitory effect on 
calcification in vitro (2). This finding has been substantiated.!. Although 
the labile P of ATP was completely hydrolyzed at the end of an 18 hour 
period, the phosphate thus liberated appeared to be unavailable for calci- 
fication. 

The inhibitory action of ATP im vitro may be explained if ATP is con- 
sidered to be a complex-forming agent for cations. Indeed, it has been 
shown that polyphosphates (5) and pyrophosphates (6, 7) have the capa- 
bility of forming only slightly dissociated compounds with various cations. 
This paper is a report of studies on the calcium-binding property of ATP 
and the significance of this property in studies of calcification in vitro. 


EXPERIMENTAL 


Chromatographically pure sodium ATP was obtained from the Pabst 
Laboratories and was used without further treatment. Barium ADP (ad- 
enosinediphosphate) was obtained from the Schwarz Laboratories, Inc. 
Prior to use, this material was dissolved in water with acidification and then 
passed through an ion exchange column containing Dowex 50 cation ex- 
change resin in the sodium form. The pH of the resultant sodium ADP 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 

‘Cartier, P., personal communication. 
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was adjusted to neutrality by the addition of sodium hydroxide and the 
molarity determined by an analysis of both free and total phosphorus by 
the method of Fiske and Subbarow (8). 

To establish that ATP and ADP form slightly dissociated complexes 
with calcium ion, the method of Schubert (9) was employed. This pro- 
cedure involves (a) an evaluation of the equilibrium between free cation in 
solution and cation bound by an insoluble cation exchange resin and (b) an 
evaluation of the competition between a complex-forming agent, or ligand, 
and the exchange resin for the cation. Thus, with a fixed amount of cation 
and exchange resin in a given system, increasing amounts of ligand remove 
increasing amounts of cation from the resin. 

Under proper experimental conditions (9, 10), the following equation 
governing this competitive system may be derived from the law of mass 
action: 

1 1 1 

Ke KaoKe Kao 
where [C] = molar concentration of ligand, Ke = (per cent radiocalcium 
in resin) /(per cent radiocalcium in solution) & (volume of solution) /(mass 
of resin), Kg, = Ka with no ligand in solution, y = number of molecules 
of ligand per complex ion, and K, = dissociation constant governing the 
dissociation of the complex ion. 

A linear relationship between 1/Kg and [C}|” is excellent evidence of 
complex ion formation (9). 

Radioactive Ca*® obtained from the Oak Ridge National Laboratory 
was diluted to give approximately 20,000 c.p.m. per ml. when counted in a 
thin window Geiger-Miiller counter. The concentration of calcium in the 
final dilution was 4 m. 

To 17 ml. aliquots of 0.1 mM Veronal buffer? at pH 7.4 were added 1 ml. 
of radioactive calcium and 2 ml. of ATP or ADP in the appropriate con- 
centration. 5 ml. of each solution were withdrawn and set aside for use 
as standards. To the remaining 15 ml. of solution in each flask, 100 mg. 
of air-dried Dowex 50 cation exchange resin in the sodium form were 
added. The flasks were sealed with paraffin and shaken vigorously for a 
period of 3 hours at 37°. The solutions were then decanted and counted 
in 2 ml. portions along with the standards. 


Results 


The linear relation of the molar concentrations of ATP and ADP plotted 
to the first power in both cases (Fig. 1) indicates that only 1 molecule of 


2 Small amounts of 0.1 m HCl were added to 0.1 m sodium barbiturate to adjust 
the pH to 7.4. The ionic strength of the final mixtures varied between 0.095 and 
0.099. 
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ligand is present in each complex. ‘The straight line obtained also shows 
that the number of calcium atoms in each complex is equal to the state of 
polymerization of calcium not in complex form, which is undoubtedly unity 
(10). It may be concluded that the molecular formulae of these complexes 
are Ca-ATP and Ca-ADP. 
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Fic. 2. Hydrolysis of ATP (0.005 m) by single bone slices. Note that small pH 
changes did not materially alter the results. 


762 CALCIUM COMPLEXES OF ATP AND ADP 


The dissociation constants (A,, ionic strength = 0.1) for the ATP and 
ADP calcium complexes, as calculated from the data presented in Fig. 1, 
are 8.7 X 10-° and 1.8 XK 10“, respectively. It is evident that ATP is the 
stronger complex-forming agent. Of interest is the fact that ATP contains 
two pyrophosphate linkages to one for ADP. The significance of these 
findings will become evident in the following experiment. 

Tibial sections cut free-hand from rachitic albino rats were carefully 
freed of muscle and placed in 15 ml. of 0.15 Mm saline which was 0.005 
with respect to ATP. The pH was adjusted to 7.2 by the dropwise addi- 
tion of sodium hydroxide. Controls were prepared to determine (a) the 
release of phosphorus from the slice and (b) the spontaneous hydrolysis of 
ATP. All solutions were incubated at 37° and analyzed periodically for 
inorganic phosphorus by the method of Fiske and Subbarow (8). 

It may be noted in Fig. 2 that the hydrolysis of ATP by bone slices is 
very slow and the total inorganic phosphorus liberated at the end of 7 
hours was only 25 y per ml. (5.6 per cent). Spontaneous hydrolysis did 
not take place in the course of this experiment. 


DISCUSSION 


Since it has been shown that ATP and ADP can form a complex with 
calcium and that the process of ATP breakdown is slow, it is not unreason- 
able to conclude that slices placed in a solution containing ATP, calcium, 
and phosphate are essentially in a solution containing little or no free 
calcium ion. Thus, with the ion product of Ca X P depressed below the 
critical level the tissue cannot calcify. 

It has been observed in this laboratory and elsewhere (11, 12) that when 
rachitic slices are incubated in calcium-free saline for no longer than 2 
hours, the ability of these slices to calcify is seriously impaired. The 
mechanism whereby these tissues are rendered uncalcifiable is still obscure. 
By the time sufficient calcium ion is liberated by the enzymatic hydrolysis 
of both ATP and ADP the ability of the slice to calcify is probably lost. 

The results reported above adequately explain the inhibition of calcifica- 
tion of rachitic slices in vitro as first observed by Gutman and Yu (2). 

Cartier recently observed mineralization (3) using ATP as a substrate 
with cartilage slices of normal sheep embryos. Apparently this tissue, in 
contrast to slices of rachitic rat tibia, possesses the ability to fix phosphorus 
obtained from the hydrolysis of ATP. Further work will be required to 
establish whether this difference is related to species or to the rickets syn- 
drome. 


The authors are indebted to Dr. Isaac Feldman for his helpful comments 
and criticisms concerning the ion exchange portion of this paper. 
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SUMMARY 


Tracer studies with radiocalcium and ion exchange resins have demon- 
strated conclusively that calctum forms relatively undissociated complex 
ions With ATP and ADP. It has also been shown that the phosphatases 
present in rachitic bone cartilage liberate only small amounts of inorganic 
phosphate from ATP. These results explain the inhibitory effect of ATP 
on calcification in vitro. 
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THE MOLECULAR WEIGHT OF BACITRACIN A 


By LYMAN C. CRAIG, WERNER HAUSMANN, anp JAMES R. WEISIGER 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, July 21, 1952) 


In another paper, data have been presented which indicate that what is 
probably a single antibiotically active peptide has been isolated from the 
mixture called ‘‘bacitracin.”” It is, therefore, of interest to learn some- 
thing in regard to the molecular size. At this stage of a structural investi- 
gation, the method of partial substitution (1, 2) is particularly interesting, 
since it is capable of giving strong additional support to the thesis of pu- 
rity and at the same time the molecular size is revealed. In addition, 
further information in regard to the number of functional groups and their 
character can be derived. 

Fluoro-2 ,4-dinitrobenzene (FDNB) as used by Sanger (3) is a particu- 
larly good reagent for the partial substitution method. It reacts in aque- 
ous solution under mild conditions, and the over-all rate of the reaction 
with respect to amino groups can be followed conveniently by the increase 
in absorption of light at 350 mu. The dinitrophenyl (DNP) derivatives 
formed are ideally suited for distribution studies. 

The reaction with FDNB is usually carried out in dilute alcohol solution 
which is maintained at a slightly alkaline pH with sodium bicarbonate. 
However, bacitracin A is not stable at such a high pH and is slowly trans- 
formed to give mainly bacitracin C. An attempt to employ only sufficient 
FDNB to give the optimum degree of substitution by permitting the reac- 
tion to proceed at room temperature for several hours was not promising. 
Clear cut bands of the different substitution stages were not obtained 
when the mixed reaction products were distributed. It soon became ap- 
parent that the desired bands were complicated by overlapping bands 
containing transformation products, some of which were also probably 
partially substituted by DNP. 

However, the undesired type of transformation could be minimized by 
using a large excess of FDNB reagent. This permitted a short reaction 
time. The reaction could be quenched by addition of excess acetic acid 
at the proper degree of substitution as indicated by ultraviolet absorption 
at 350 mu. 


EXPERIMENTAL 


The results from two experiments involving different degrees of substi- 
tution will be given. In the first experiment, 193 mg. of bacitracin A 
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were suspended in 21 ml. of 95 per cent ethanol, and a solution of 97 mg. 
of sodium bicarbonate in 21 ml. of water was added to the mixture. The 
bacitracin dissolved. A solution containing 97 mg. of FDNB in 21 ml. of 
ethanol was then added at 24°. The development of absorption at 350 
my (0.5 mm. cell) was followed in the Beckman quartz spectrophotometer, 
a solution prepared exactly as above being used as a blank, except that 
bacitracin A was omitted. The blank was prepared at the same time the 
reaction was started. 

After 50 minutes the optical density had become 1.88. At this time a 
plot showing the development of absorption against time still formed 
nearly a straight line. The reaction was interrupted by addition of 0.10 


24 


a 2.0 x—x 0.34 at 350 Mu of upper phase 

---- Calculated 

| 

| 1 \/ 2 

S04 

~ OA 

Gb / \ 

+ 3 AX 
0 20 40. 6 80 100 120 140 160 4160 

Tube No. 


Fic. 1. Distribution curve of partially substituted bacitracin A 


ml. of glacial acetic acid and the reaction mixture was quickly evaporated 
in the rotatory evaporator (4) under reduced pressure to about one-third 
its original volume. Solid had precipitated. The mixture was extracted 
with freshly distilled ethyl ether in order to remove the excess FDNB re- 
agent. The aqueous suspension was then evaporated to dryness in vacuo 
at a temperature never above 25°. 

The residue was distributed to 183 transfers with the automatic 220 tube 
distribution apparatus (5) in the 2-butanol-3 per cent acetic acid system 
used for purification of bacitracin A. Fig. 1 gives the result. For the 
weight curves a 3 ml. aliquot was taken. Up to Tube 90, only the lower 
phases were analyzed, but from Tubes 90 to 180 only the upper phases 
were analyzed. 

The solutions in the tubes of Band 1 were found to contain the inor- 
ganic salts. Those in the tubes of Band 2 were colorless and contained 
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only unchanged bacitracin A, amounting to approximately 114mg. Thus, 
about 59 per cent of the peptide remained unchanged. 

The solutions in the tubes of Band 3 were yellow in color. Since there 
was no suggestion of a yellow color in the solutions occurring between this 
band and those of the unchanged peptide band, it must be considered 
to contain the N-monosubstituted derivative or a mixture of N-mono- 
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substituted derivatives. The solute in this band totaled about 55 mg. or 
approximately 28 per cent of the starting material. This is a satisfactory 
degree of substitution for the estimation of molecular weight. The mate- 
rial from the peak tubes showed an optical density of 1.525 at 350 mu 
with a concentration of 0.173 mg. per ml. (dry weight basis at 100° and 
0.2 mm. pressure). 

Band 4 was the only other yellow band observed. The solute in this 
band had nearly double the optical density shown by the solute in Band 
3. The total weight of the solute in Band 4 amounted to only about 13 
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mg. However, since it had a high partition ratio (AK) and occurred near 
the extreme right of the pattern, the possibility of its being a mixture was 
not overlooked. 

In order to gain further information on this point and learn whether 
more than two free primary amino groups might be present, the substitu- 
tion experiment was repeated under conditions permitting more advanced 
reaction. 

In this experiment, 200 mg. of bacitracin A were treated with 3-fold the 
amount of FDNB reagent used in the first experiment, and the reaction 
was quenched with acetic acid after 70 minutes. The experiment there- 
after was carried out as before, except that a distribution of 231 transfers 
was made. The result is given in the pattern of Fig. 2, a. 

The material in Band 4 was recovered and a system was sought which 
would provide a more favorable partition ratio. Preliminary determina- 
tions of K indicated that the system formed from glacial acetic acid, chlo- 
roform, and water in the volume proportions 2:2:1, respectively, would 
give a value approximating 0.3. 

Distribution in this ‘system to 209 transfers gave the pattern of Fig. 
2, b. This showed conclusively that the solute in Band 4 from the pre- 
vious patterns was indeed a mixture. 

A solution containing 0.19 mg. per ml. from the lower phase of Tube 20 
showed an optical density at 350 my of 3.23. A solution of the lower 


phase from Tube 80 and containing 0.17 mg. per ml. showed an optical - 


density of 3.00 at 350 mu. 


DISCUSSION 


The distribution patterns of Figs. 1 and 2 show clearly that the FDNB 
reagent is capable of substituting at three different points in the molecule. 
However, the solute in Band 1 of the pattern of Fig. 2, b has a ratio of 
optical density at 350 mu to weight very similar to that of the solute in 
Band 2. It is less hydrophilic than the solute in any of the other bands 
and therefore must be regarded as the most highly substituted. That it 
is the completely substituted derivative would seem highly probable when 
Figs. 1 and 2 are compared. No amino nitrogen was found in the isolated 
material by the Van Slyke method. ; 

Further evidence regarding the nature of the solutes in the three major 
bands and the minor band, No. 3 of the pattern of Fig. 2, b, was obtained 
by complete hydrolysis of the material isolated from the solutions of each 
band and two-dimensional paper chromatography of the hydrolysate. 
Each hydrolysate sample was first run twice by the ascending technique 
in the system 2-butanol-ammonia-water and then twice in the system 
2-butanol-formic acid-water (6). 
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According to the theory of the method (2) the position of Band 3 of 
Fig. 1, relative to that of the band containing unchanged material, would 
indicate it to contain a monosubstituted derivative (or derivatives). As 
expected from this conclusion, material from this band gave approxi- 
mately half the amino nitrogen in the Van Slyke determination as did the 
unsubstituted peptide. On paper, Fig. 3, b, the hydrolysate of this solute 
showed all of the spots of the hydrolysate of bacitracin A, Fig. 3, a, and in 
the same intensity, except the ornithine spot which was considerably 
weaker. Before spraying the paper with ninhydrin solution, a yellow spot 


Bacitracin A Mono-DNP Di-DNP 
a. DL b. ro 
© 
Phe C) 
0Or-DNP 
Glu© 
Asp L 
Tri-DNP rage Di-DNP 
d. ge Hi. Sub. Ss 
oO e. 


Fic. 3. Paper chromatograms of hydrolysates of bacitracin A and its DNP de- 
rivatives. Asp = aspartic acid, Cy = cystine, Glu = glutamic acid, Hi = histi- 


dine, iL = isoleucine, L = leucine, Ly = lysine, Or = ornithine, Phe = phenyl- 
alanine, monoDNP = monosubstituted DNP derivative, diDNP = disubstituted 


DNP derivative, triDNP = trisubstituted DNP derivative. 


appeared in the region where the 6-DNP derivative of ornithine would be 
expected. That this spot contained a free amino group was indicated by 
its position on the paper and by development of the expected blue color 
after spraying the paper with the ninhydrin solution. 

The solute in Band 2 of the pattern of Fig. 2, b, whose position would 
indicate it to be a diDNP derivative, gave no amino nitrogen (Van Slyke). 
Its hydrolysate gave all of the spots, Fig. 3, c, of the original peptide 
except for ornithine which, in this case, was completely missing. In addi- 
tion, the new yellow spot was approximately twice as intense as in the 
case of the mono derivative. 

The solute in Band 1 of the pattern of Fig. 2, b gave a map, Fig. 3, d,. 
identical with that from the solute of Band 2, except that the histidine 
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spot was missing. However, a new spot with higher Rr values was ob- 
tained which was not yellow before spraying the paper with ninhydrin. 
It is obviously formed by a histidine derivative in which the DNP is sub- 
stituted on the imidazole ring. 

The solute from Band 3 of the pattern of Fig. 2, b gave spots, Fig. 3, e, 
corresponding to the mono derivative, except that here also the histidine 
spot was missing, and the new spot found with the tri derivative was 
again found. This solute was thus indicated to be a diDNP derivative 
substituted on one of the two free amino groups of bacitracin and on the 
imidazole ring of histidine. 

If the molecular weight is calculated as suggested (2) from the optical 
density found at 350 my for the monosubstituted derivative, a value of 
1640 for the derivative or 1470 for the unchanged peptide is found. This 
calculation involves the use of a molecular extinction coefficient for DNP- 
substituted peptides of 14,500. The basis for this figure and the reason 
for considering it correct to +10 per cent have been given previously (2). 

If the molecular weight is calculated from the optical density of the 
solute in Band 2 of Fig. 2, b, on the assumption that it is a disubstituted 
derivative, a value of 1310 is obtained. Although this figure is less accu- 
rate than that derived from the mono derivative, it can indicate that the 
real molecular weight is not higher than the value of 1470 derived above. 

Dr. L. G. Longsworth of The Rockefeller Institute has studied the mo- 
lecular weight of a cruder preparation of bacitracin by a diffusion method 
and has independently arrived at a value approximating 1470. 

The average value for a number of determinations of sulfur in bacitracin 
A is 2.2 per cent (7). This would require the molecular weight to be 1450 
or some multiple thereof. However, both the partial substitution method 
and the diffusion procedure exclude a multiple and indicate that the mole- 
cule contains only 1 sulfur atom. 

It is now of interest to attempt to derive an empirical formula which 
will be in accord with the analytical data obtained on the intact bacitra- 
cin A (7), with the quantitative amino acid determinations (8), and with 
other observations. The quantitative amino acid figures found suffer 
somewhat by virtue of demonstrated decomposition of certain amino acids 
during hydrolysis. However, if the molecular weight of 1470 is even ap- 
proximately correct, then all of the amino acid residues now definitely 
identified are present in monomolar proportions, except aspartic acid and 
isoleucine which are clearly present in twice this proportion. Therefore, 
a total of 11 amino acid units and 1 mole of ammonia have been identified 
as fragments resulting on hydrolysis. If these units are combined with 
loss of the minimum number of water molecules required for joining them, 
z.e. 11, a formula, CeoHoe6Qi17NieS, can be derived. The calculated ana- 
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lytical figures for this formula are molecular weight 1344.9, C 53.6, H 7.2, 
N 16.7, and are not in agreement with those experimentally found. A 
formula, CesH1020i17Ni65, 1s in closest agreement with the experimental 
data. These figures are given in Table I. 

In electrophoresis experiments, to be reported separately by Dr. G. T. 
Barry of this Institute, the isoelectric point of bacitracin A has been found 


TABLE I 
Analytical Data for Bacitracin A 


CesHio20i7NieS 

Calculated, per cent | Found, per cent 
N (Van Slyke amino nitrogen).............. | 1.98 | 2.2 


| 


Amino acid residue formula, (D-Phe)(L-Leu)(t-Isoleu)2(L-Cysteime)(p-Glu)(pL-Asp)2(L-Hist)(L-Lys) 
(p-Orn)(unknown CsH;O residue)(NH2) 


Gm. amino acid residue per 100 gm. peptide 


Constituent | 
| Calculated Found 

1.1 | 1.3 


| 


to approximate pH 6.8. Therefore the number of ionizable carboxyl 
groups should equal the number of ionizable basic groups. The peptide 
contains 2 basic amino acid residues, ornithine and lysine, but 3 acidic 
amino acid residues. However, bacitracin A was found to give 1 mole- 
cule of ammonia under the conditions usually used for amide determina- 
tion. If this amide should be combined with one of the carboxyl groups 
of the 2 aspartic acid residues or with the carboxyl of the glutamic acid 
residue, the correct balance in regard to ionizable acid and basic groups 
would be reached. 
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On the assumption of a simple open chain peptide, three carboxy] 
groups and three basic groups remain to be accounted for. However, the 
studies by partial substitution with FDNB already discussed have indi- 
cated the presence of only two amino groups that can be substituted. 
Moreover, hydrolytic studies with the DNP derivatives and paper chro- 
matography have further suggested that the lysine residue had no free 
amino group capable of reacting with the FDNB reagent. A cyclic strue- 
ture of some kind rather than an open peptide was thus indicated. A cy- 
clic amide, involving one of the carboxyl groups, would reduce the num- 
ber of free carboxyl groups to two and thus be equal to the number of free 
amino groups. 

The manner in which the single sulfur atom is linked is of interest in 
connection with a possible empirical formula. Although it emerges as 
cysteine after hydrolysis, the intact peptide does not give the color reac- 
tions of free sulfhydryl groups. Such behavior could be explained by a 
further ring involving the sulfur atom, a ring unstable to the hydrolysis 
conditions. A total of two rings is possible with the carbon and hydrogen 
relationship of an empirical formula of CgsH102017Ni68. 

The possibility of the presence of an unstable amino acid, resembling 
the one suggested by Jacobs and Craig (9), in the ergot alkaloids should 
not be overlooked here. An unstable valine derivative could be stabilized 
by being substituted as postulated (9). Such a structure might derive 
relative stability through other linkages in the intact bacitracin molecule 
while hydrolyzing readily to give ammonia and a keto acid on hydrolysis 
according to the amide nitrogen determination. In a molecule nearly 3 
times the size of an ergot alkaloid, the resulting keto acid and its further 
transformation products could be much more difficult to detect. 

The results of hydrolysis and paper chromatography of the solute in 
Band 3 of Fig. 1 and in Band 2 of Fig. 2, 6 further indicate by comparison 
that the so called mono derivative (contained in Band 3 of Fig. 1 and 
Fig. 2, a) is in fact a mixture of mono derivatives, one being substituted on 
an ornithine nitrogen and the other on some other residue. This, how- 
ever, has no bearing on the molecular weight deductions, since the DNP 
radical contributes approximately the same absorption at 350 muy, regard- 
less of the amino nitrogen to which it may be attached (10). Substitution 
of the DNP radical on different free amino nitrogen groups of a large pep- 
tide could well result in nearly identical partition ratios as long as only | 
DNP residue was attached to each molecule. 


We are indebted to Miss Dorris McNamara and Miss Elizabeth Jacobs 
for technical assistance during these studies. 
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SUMMARY 


The molecular weight of bacitracin A has been studied by the method of 
partial substitution. The results indicated a molecular weight approxi- 
mating 1470. All other data are in line with this value. 

Bacitracin A has been shown to contain two free NH» groups, one of 
which is on an ornithine residue. The lysine residue does not contain an 
amino group capable of reacting with the FDNB reagent. 
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NUTRITIONAL REQUIREMENTS OF TREPONEMATA 


IV. THE TOTAL NITROGEN REQUIREMENT OF THE REITER 
TREPONEME 


By HARRY G. STEINMAN, HARRY EAGLE, ann VANCE IL. OYAMA 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Microbiological Institute, National Institutes of Health, United 
States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 21, 1952) 


A chemically defined medium was described in a previous paper (1), 
which, supplemented only with crystallized serum albumin, permitted the 
cultivation of the Reiter treponeme (see Table I). The specific growth 
requirements of this organism could now be readily determined. The 
present paper deals with its total nitrogen requirement, which consisted 
of thirteen amino acids, one pyrimidine, and ammonium ion. 


Methods and Materials 


The experimental procedures have been described in the previous papers 
of this series (1-3). The growth requirements proved to be the same 
whether one used the “wild type” organisms continuously propagated in 
a Whole serum-thioglycolate medium, or organisms which had been propa- 
gated for more than 6 months in the defined medium of Table I. 

As in the previous studies, the cultures were incubated at 37°, anaerobi- 
eally under H,. Growth was determined by measurement of the optical 
density of the culture fluids at 660 my, and in critical tubes it was checked 
by direct microscopic count. The average optical density reading per 
million organisms during the phase of rapid growth was 0.0015 (1). 


EXPERIMENTAL 
Amino Acids 


Amino Acids Essential for Growth of Reiter Spirochete—In all, thirteen 
different amino acids (arginine, aspartic acid, cystine (or cysteine), glu- 
tamic acid (or proline), histidine, isoleucine, leucine, lysine, methionine, 
phenylalanine, threonine, tryptophan, and valine) were required for the 
growth of the Reiter treponeme. Cysteine and cystine were interchange- 
able, as were proline and glutamic acid. On the omission of any one of 
these from an otherwise complete medium, the organisms died off progres- 
sively. (This is illustrated for arginine in Fig. 1, 4.) 

A complicating factor in these experiments was the observation that, 
when a large inoculum was introduced into a fluid 1 anon deficient in 
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TABLE | 
Basal Medium for Cultivation of Reiter Treponeme* 


Amino acids Vitamins Purines Pyrimidines Miscellaneous 
pi-Alanine p-Aminobenzoic Adenine Cytosine Glucose 
L-Arginine acid Guanine Thymine 
L-Aspartie acid Biotin Hypoxanthine Uracil 
L-Cysteine Choline Xanthine Fe** 
L-Glutamic acid Folie acid 
Glycine Inositol | 
L-Histidine Nicotinic acid 
L-Hydroxyproline Pantothenic 
pL-Isoleucine acid 
L-Leucine Pyridoxal | NH, 
_-Lysine Pyridoxamine 
pL-Methionine Pyridoxine | 
L-Phenylalanine Riboflavin Phosphate 
L-Proline Thiamine buffer 
pL-Serine | Crystallized 
pt-Threonine Ascorbic acid | serum al- 
pL-Tryptophan | bumin 


L-Tyrosine 
pL-Valine 


* According to Steinman, Eagle, and Oyama (1). 


A is} | 
| L-ASPARTIC 
L-ARGININE | ACID L- SERINE 


(ESSENTIAL) (ESSENTIAL) (BENEFICIAL) 


OPTICAL DENSITY (660 Mi) 
wae 


DAYS INCUBATION AT 37° 

Fic. 1. Growth response of the Reiter treponeme in fluid medium to three types 
of amino acids. A, arginine as an example of the essential amino acids in the ab- 
sence of which all the organisms die (@); B, aspartic acid as an example of the 
three essential amino acids in the absence of which only rare mutants can grow out 
(@); C, serine as an example of the two beneficial amino acids in the absence of 
which all the organisms grow out slowly (@). 
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either (a) aspartic acid or (6) both glutamic acid and proline, slow growth 
was sometimes observed (cf. Fig. 1, B), and these slowly developing organ- 
isms could then be continuously propagated in the deficient medium. By 
using a semisolid instead of a fluid medium, and determining the proportion 
of organisms which grew out from the original inoculum, it could be shown 
that growth in such cases was due to the presence in the original inoculum 
of rare organisms, presumably mutants, which were capable of growing 
out in the absence of the amino acid. Thus, in one experiment, of 18 
xX 10° viable organisms inoculated into a medium deficient in both glu- 
tamic acid and proline, only three organisms grew out to form visible 
colonies. When one of these colonies was subcultured in the same semi- 
solid medium, essentially all the organisms inoculated now grew out to 
form visible colonies. Similar results have been obtained in many experi- 
ments with colonies growing out in the absence of either (a) aspartic acid, 
(b) glutamic acid and proline, or (c) aspartic acid, glutamic acid, and pro- 
line. This type of variation in the direction of autotrophy, obtained in a 
deficient medium, is the reverse of that which has been so extensively 
studied in recent years, in which the variant organisms (“biochemical 
mutants’’) differ from the wild type parent strains in their greater growth 
requirements. 

Variants have not been encountered for any of the other amino acids 
here shown to be essential. Occasional colonies grew out in a presumably 
NH,*-free medium; but these did not multiply on subculture in a similar 
medium. 

The determination of the optimal concentrations of the thirteen essential 
(fourteen total) amino acids was obscured by the fact that many were 
toxic in high concentration, as evidenced by a decreased rate of growth, a 
decreased total bacterial count, or both. This toxicity was materially 
affected by the presence of other amino acids. Thus, the toxicity of L- 
leucine and piL-isoleucine in concentrations of 0.0025 m was largely abol- 
ished when both were used simultaneously in the presence of sufficient 
amounts of valine, and optimal growth was obtained only when all three 
were present in appropriate concentrations. Similar relationships were 
observed with every combination of amino acids studied. In examining 
the growth-promoting effect of any one amino acid, it was therefore neces- 
sary to use all the others at their empirically determined optimal level. 
Analogous instances of amino acid imbalance have been reported for other 
organisms (4-7). 

The optimal concentrations of the essential amino acids fell within a 
narrow range (see Table II). The highest concentrations were required 
of L-histidine, which was optimally active at 3.3 X 10-* m (500 y per ml.) 
and gave 50 per cent of the maximal growth (EDy) at 8 K 10-' m (12 y 
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Taste Il 
EDso* and Maximally Effectivet Concentrations of Amino Acids and Other Nitrogenous 
Substances Required by Reiter Treponeme 


Maximally effective con- 
Compound EDu* X 10% centrationt X 


Amino acids 


— 


essential 
L-Phenylalanine 1.0 0.25- 1 
L-Tryptophan. . 1.3 0.25- 1 
L-Aspartic acid 1.5 0.25- 1 
L-Arginine... 1.7 0.25- 1 
L-Methionine . 2 0.25- 1 
L-Lysine 3 0.5 -2 
L-Leucine...... 4 0.5-2 
L-Glutamic acid... 5 0.5-2 
L-Isoleucine. .. 5 | 0.5 
L-Valine._. 5 0.5-2 
L-Threonine . -4 
L-Cysteine -4 
L-Histidine ... 1 -4 
L-Proline.... -4 

Acceleratoryt 
L-Tyrosine 5 1 -4 
L-Serine .. 10 

Nucleic acid bases 

Essential 
l 0.25- 1 

Acceleratory{ 
Adenine | 5 | 0.25- 1 

Inorganic nitrogen 
Ammonium ion........... ee 30 0 -40 


The data are derived from curves similar to those illustrated in Figs. 1, 2, and 3. 

* EDs» = concentration at which the growth response was one-half of the highest 
amount of growth obtainable. As indicated in Fig. 2, this offers a more precise and 
reproducible measure of effectiveness than the maximally effective concentration. 

t Concentration range at which the growth response was 95 to 100 per cent of the 
maximal observed values. 

t The growth response to these stimulatory substances was determined after 5 
to 8 days, before significant growth had developed in the control tubes. 


( 
\ 
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per ml.). The lowest concentrations were required of L-phenylalanine, 
which was optimally effective at 10-* m (165 y per ml.), and had an EDs» 
of 1 X 10-5 (1.7 y per ml.). The effective concentrations of the remain- 
ing essential amino acids fell within this relatively narrow range (cf. Fig. 
2)! Most of the amino acids were toxic at concentrations 2 to 5 times 
their maximally effective levels. 

The effective concentrations shown in Table II and Fig. 2 are given in 
terms of the L-amino acids. Except for glutamic acid, the p isomers of the 
essential amino acids had little or no activity and the pL racemic mixtures 
were just half as active as the L isomers. With glutamic acid, however, 
the p isomer was actually more effective than the L isomer. The p-glu- 


I=L-PHENYLALANINE 


-300 II=L-LYSINE 
I=L-HISTIDINE 

200: 

100- 


FINAL MOLAR CONCENTRATION 
Fig. 2. The growth of the Reiter treponeme as a function of amino acid concen- 
tration. The largest amounts were required of L-histidine and the smallest of 
L-phenylalanine; the other twelve essential amino acids fell within the 10-fold range 
indicated on the figure. 


be 4 
ioe 


OPTICAL DENSITY (660 M42) 
AFTER 8 DAYS AT 37° 


tamic acid has been found to be effective with several other bacteria (9). 
Thus, in the case of Lactobacillus arabinosus, the two isomers may be 
equally effective (10) and this organism has been shown to contain a 
glutamic acid racemase (11, 12). The reason for the greater activity of 
the p-glutamic acid in supporting the growth of the Reiter treponeme is 
under present study. 

Because of the minute concentrations necessary for growth, even washed 
inocula sometimes grew out slightly in a medium deficient in an essential 
amino acid, and its essentiality became evident only on subculture. In 
several instances, also, heavy growth was obtained in a medium presumably 


'The maximally effective concentration of arginine in the defined medium used 
was only one-twentieth as much as had been previously found necessary in a rela- 
tively poor medium (3). This suggests that, in such a marginal medium, arginine 
may serve as an energy source, as was found by Gale (8) for Streptococcus faecalis. 
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deficient in an amino acid previously found to be essential, and, in such 
cases, the discrepancy could regularly be traced to the minute contamina- 
tion of one of the other constituents with the substance supposedly omitted 
from the medium. 

Amino Acids Beneficial to Growth of Reiter Treponeme, but Not Essential 
(Serine, Tyrosine)—Fig. 1, C illustrates the growth-promoting action of 
L-serine and L-tyrosine. All the organisms were capable of growing in 
their absence, but the initial lag period was extended by 4 to 7 days and 
the total amount of growth was significantly reduced. 

Serine was required in slightly higher concentrations (EDsg = 10~* m) 
than the other amino acids. This may be related to its detoxifying action 
at high concentrations, which resembles that shown by valine (see above). 
A similar detoxifying effect of serine against a number of amino acids 
was demonstrated with Tetrahymena geleii (5). 

The growth-accelerating effect of tyrosine was manifest when as little as 
10-5 m was added to an amino acid pool containing 10-* m phenylalanine. 
This suggests that the organism can not synthesize tyrosine (presumably 
from phenylalanine) rapidly enough to meet its requirements for optimal 
growth. The inability of phenylalanine to satisfy a tyrosine requirement 
has been generally observed with bacteria (cf. the double nutritional require- 
ment for both phenylalanine and tyrosine shown by Leuconostoc mesenter- 
oides (13), by Brucella suis (14), and by mutants of Escherichia coli (15) and 
L. arabinosus (16)) and contrasts with the findings with mammalian tissues 
(17). 

Inactive Amino Acids—-Under the conditions here used, none of the 
other natural amino acids tested (alanine, glycine, and hydroxyproline) 
were essential for growth of the Reiter treponeme, and none had a signifi- 
cant stimulatory effect. It is unlikely that these are actually essential, 
but are supplied by the hydrolysis of the crystallized serum albumin used 
in the medium (see below). 


Purines and Pyrimidines 


The omission of purines from the medium had no demonstrable effect on 
the final bacterial count and all the organisms inoculated proved capable 
of growing out in a purine-deficient semisolid medium. Of the four purines 
tested (adenine, guanine, hypoxanthine, and xanthine) adenine did, how- 
ever, significantly accelerate the rate of growth (cf. Fig. 3, B). 

In contrast to the purines, a pyrimidine proved essential for growth (cf. 
Fig. 3, A). Uracil and cytosine, as well as the corresponding nucleosides 
and nucleotides, were equivalent in this respect. The minimal effective 
concentration was 10~-® mM, and maximal growth was obtained at a concen- 
tration of 5 X 10-* Mo (cf. Table II). Such uracil derivatives as 6-methy!- 
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uracil and thiouracil were ineffective. Orotic acid (4-carboxyuracil) which 
has been reported as a precursor of uridylic acid (18) was also ineffective. 

With some lots of thymine, growth was obtained in the absence of either 
cytosine or uracil, the apparent activity being on the order of one-twentieth 
to one-tenth that of the latter pyrimidine. These lots were found to be 
contaminated with enough uracil or cytosine to account for their growth- 
promoting activity. When the presumably active lots of thymine were 
tested on a paper chromatogram by the technique of Hotchkiss (19), a 
clear cut separation was obtained between the thymine (Rr = 0.55) and 


8 
URACIL ADENINE AMMONIUM ION 
> (ESSENTIAL) (STIMULATORY) (ESSENTIAL) 
>) 
= | 
200 
100 / 
a 
. 

000 


see 
DAYS INCUBATION AT 37° 
Fic. 3. Growth-promoting effects of nucleic acid bases and ammonium ion on 
the Reiter treponeme. A, uracil as an essential pyrimidine in the absence of which 
all the organisms die (@); B, adenine as the only purine with a stimulatory effeet, 
in the absence of which there is slow growth of all the organisms originally inocu- 
lated (@); C, inorganic ammonium ion as an essential metabolite in the absence of 


which all the organisms die (@). 


at least two contaminants (R» values of 0.36 and 0.88). The slower mov- 
ing component constituted 5 to 10 per cent of the total, had the same R, 
value as uracil, and the same absorption spectrum in the ultraviolet range. 
When strips were segmented and eluted, the growth-promoting activity of 
the material was found to be quantitatively associated with this slow mov- 
ing component, presumably uracil. 


ssentiality of Ammonium Ton 


In an otherwise complete basal medium containing all the essential and 
beneficial factors indicated in Table I, there was no growth in the absence 
of an added source of ammonia, and the more ammonium ion (up to M/30) 
added to the optimal amino acid pool, the greater was the amount of growth 
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and the more rapid its development (cf. Fig. 3, C). The NH,* requirement 
could not be eliminated by increasing the concentration of any of the amino 
acids present in the medium, or by the addition of non-essential amino 
acids not already present. These findings suggest that, in the metabo- 
lism of this spirochete, ammonia may have a réle over and above that of 
an amino acid precursor. 

Of many substances tested for their ability to replace NH,* (e.c. urea, 
glycine, alanine, inorganic nitrate or nitrite, and alkyl-substituted amines), 
only glutamine was effective. It functioned only at high concentrations, 
as did NH,*, and was approximately as effective as ammonivm ion on an 
equivalent basis. In contrast to this, McIlwain (20) noted that ammo- 
nium ion could not substitute for glutamine as an essential nutrilite for 
certain B-hemolytic streptococci. Asparagine, which is capable of replac- 
ing aspartic acid, could not substitute for ammonia. Hydroxylamine and 
hydrazine were toxic at concentrations of 0.005 and 0.001 Mm, respectively. 
The partial inhibition caused by lower concentrations of these compounds 
was reversible by the addition of excess NH,* or glutamine, but not of 
asparagine (cf. (21)). 


DISCUSSION 


All the common natural amino acids except glycine, alanine, and hy- 
droxyproline have here been shown to affect the growth of the Reiter 
treponeme (cf. Table II). Thirteen amino acids proved to be essential, 
of which two, cysteine and glutamic acid, could be replaced by cystine’ 
and proline, respectively. two other amino acids (serine and tyrosine), 
although not essential, accelerated growth in varying degree. At least 
with respect to its amino acid requirements, the Reiter treponeme thus 
proves to be a relatively exacting organism. The EDs values of the essen- 
tial amino acids (1.7 to 12 y per ml.) are in agreement with the concentra- 
tions required by other organisms (22, 23). The reproducibility and form 
of the growth-response curves (cf. Fig. 2) meet all the requirements of a 
microbiological assay; thus the fourteen amino acids (total) essential for 
the Reiter treponeme could indeed be so assayed with this organism. 

It is clear from the minute concentrations of the essential amino acids 
which suffice for growth why a relatively small concentration of casein 
digest (e.g. 0.01 per cent) substitutes for most of these compounds, and 
why a multiple deficiency appears when the casein digest is reduced below 


2 Cystine is presumably converted to cysteine at the reduction potential of the 
culture fluid. Thioglycolic acid and other —-SH compounds which had been re- 
ported to support growth instead of cysteine (3) have been found to have no activity 
per se in the chemically defined medium. Their reported activity has been shown to 
rest on their ability to reduce the cystine present in the casein digest used in the 
earlier experiments. 
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0.001 per cent. Even an amino acid which constitutes 10 per cent of the 
casein hydrolysate would then be present at a level of only 1 y per ml., 
which is significantly lower than the EDs of any of the essential amino 
acids and lower than the ED, level of most. The fact that the essential 
amino acids are effective at such low concentrations in turn indicates that 
the organism does not effect a significant hydrolysis of the serum albumin 
to amino acids. If as little as 0.1 per cent of the protein in the medium 
were so hydrolyzed, sufficient amounts of the essential amino acids would 
be liberated to permit growth. As will be shown in another paper, the 
serum albumin which must be added to the medium does not contribute 
nitrogenous compounds, but acts solely as a detoxifying carrier for a toxic 
but essential lipide. The situation with the Reiter treponeme is thus en- 
tirely analogous to that described by Davis and Dubos (24) for the tubercle 
bacillus. 

The ability of the Reiter organism to use proline and glutamic acid inter- 
changeably is of interest. Their equivalent function is shown by the fact 
that in appropriately deficient media mutants regularly appeared which 
could dispense simultaneously with both of these amino acids. Further, 
chromatographic analysis of the amino acids in the whole organism showed 
that both proline and glutamic acid were formed if either were present in 
the medium. This interrelationship between proline and glutamic acid, 
while well established for animal growth (25, 26), has been less often ob- 
served in microbiological systems (27-30). In the case of the Reiter or- 
ganism it is unlikely that glutamic acid or proline has a common function 
as precursor of arginine by way of ornithine, as described for other organ- 
isms (31, 32). Neither arginine nor ornithine had a demonstrable sparing 
action on proline or glutamic acid. Similarly, the conversion of glycine to 
serine (33), and of histidine to glutamic acid (34), apparently does not occur 
in the Reiter treponeme. 

The essentiality of high concentrations of inorganic ammonia in a me- 
dium already containing all the natural amino acids is unusual. Six of 
ten strains of Bacillus pasteurii studied by Knight and Proom (35) showed 
a similar double requirement for ammonium ion and amino acids, but none 
of 200 strains of twenty other species of bacillus did. With both L. arabi- 
nosus and Corynebacterium diphtheriae, although ammonium ion markedly 
stimulated the amount of growth, it was not essential (36-38), and, in most 
other cases in which ammonium ion has been found to stimulate growth, it 
is amino acid-sparing in function (23, 39). 

The specific requirement of uracil, replaceable in our experiments only 
by cytosine and the corresponding nucleosides and nucleotides, has been 
described for other organisms (23, 40, 41). The Reiter treponeme can, 
however, dispense totally with purines in the medium. 
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SUMMARY 


1. The amino acid growth requirements of the Reiter treponeme have 
been determined. Arginine, aspartic acid, cystine (or cysteine), glutamic 
acid, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threo- 
nine, tryptophan, and valine proved essential for growth, and the organ- 
isms rapidly became non-viable on the omission of any one from the 
medium. Proline could replace glutamic acid. Serine and tyrosine signifi- 
cantly accelerated growth. Alanine, glycine, and hydroxyproline were 
inert. The essential effective amino acids all functioned at similar con- 
centration levels, the EDs. values varying only between 10-5 to 10~* M. 
For maximal growth, the various amino acids had to be used in appropri- 
ately balanced proportions. 

2. Variants were regularly observed, presumably mutant organisms, 
which could dispense with aspartic acid, glutamic acid, and proline. They 
appeared in media deficient in either (a) aspartic acid or (b) glutamic acid 
and proline. 

3. Purines were not essential for growth, and adenine alone had a de- 
monstrable acceleratory effect. 

4. A single pyrimidine was essential for growth. Uracil and cytosine 
were equivalent in this respect, with EDs. values of approximately 107° . 
Thymine was ineffective. 

5. Over and above the thirteen amino acids and the single pyrimidine 
necessary for growth the organism must be supplied with large amounts 
of ammonium ion. The ammonia could not be substituted for by any of 
the amino acids, purines, or pyrimidines here studied, but could be replaced 
by glutamine. 
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EFFECT OF A LYSINE-POOR DIET ON THE COMPOSITION OF 
HUMAN PLASMA PROTEINS* 


By ANTHONY A. ALBANESET 
(From the Nutritional Research Laboratory, St. Luke’s Hospital, New York, New York) 


(Received for publication, September 12, 1952) 


It has long been known that loss of body weight, negative nitrogen bal- 
ance, and hypoproteinemia constitute the first signs of protein deficiency 
in man and experimental animals. However, in a series of studies spon- 
sored by the Bureau of Biological Research of Rutgers University, in which 
six reference proteins were evaluated by different methods of assay, para- 
doxical findings were obtained in regard to the nutritional value of wheat 
gluten. Mitchell (1) reported that, by the nitrogen balance method, wheat 
gluten had a biological value of 40 as compared to 97 for egg albumin in 
the immature rat. Frost (2) by the rat depletion method found a value 
of 9 for wheat gluten as compared to 38 for egg albumin. Chow (3), on 
the other hand, by dog repletion tests obtained a value of 135 for total 
circulating proteins with wheat gluten as compared to 117 with egg albu- 
min after 2 weeks, and 135 and 132 respectively after 4 weeks of repletion 
with these proteins. It is at once clear from the findings of these investi- 
gators that there may exist a lack of correlation between the nitrogen 
balance maintenance and plasma protein regenerative properties of protein 
foods. 

Since, in the evaluation of protein nutrition of population groups, the 
only chemical test which has been widely applied has been the determina- 
tion of total serum or plasma protein levels, it seemed to us worth while 
to attempt the resolution of the aforementioned nutritional paradox if it 
existed in the human (4). The need for such a study can be readily ap- 
preciated when it is realized that wheat gluten constitutes the principal, 
and sometimes the only, dietary protein of the major segment of the world’s 
population. The investigational details of this biochemical phenomenon 
as it occurs in the human infant are described in this report. 


EXPERIMENTAL 


Diets and Procedures—The composition of the wheat gluten diet em- 
ployed in this study is shown in Table IT. The wheat gluten product (In- 


* These studies were supported in part by funds from the Office of Naval Research, 
the Interchemical Corporation, and the Baxter Laboratories, Inc. 

t Presented in part at the Second International Congress of Biochemistry, Paris, 
July 21-27, 1952. 
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terchemical) contained 87 per cent gluten by Kjeldahl analysis and 1.38 
per cent lysine by microbiological assay. The level of dietary protein 
given, 2.e. 3.2 to 3.5 gm. per kilo of body weight, was determined by an 
evaluation of the available data in the literature (5), and by our own ex- 
perience, as an intake required for optimum N retention in infants of this 
age. As in previously reported studies, this synthetic formula was given 
in five daily feedings and was supplemented daily with 50 mg. of ascorbic 
acid and 15 drops of oleum percomorphum. Owing to uncertainties re- 
garding the complete human requirement of B complex vitamins, brewers’ 


TABLE I 
Composition of Wheat Gluten Diet 
Diet fed at the rate of 100 calories and 3.5 gm. of protein per kilo of body weight. 


Ingredients Amounts 
gm. 


* Kindly supplied to us by the Biochemical Division of the Interchemical Corpora- 
tion. The additions of this product were corrected for water and ash content which 


equaled 13 per cent. 
t The salt mixture employed had the following composition, measured in gm.: 
FeSO, 0.9, NaCl 6, Ca gluconate 48, Ca(OH). 12, KH2PO,7, KC] 6, MgO 0.1. 


yeast was employed instead of a mixture of the synthetically available 
vitamins. The quantities of lysine derived from this source appear to be 
approximately 16 mg. per gm. (6). In the precontrol period an evaporated 
milk formula was fed at levels which were isocaloric and isonitrogenous 
with the wheat gluten diet. In the postcontrol periods, the wheat gluten 
diet, which contained approximately 150 mg. of lysine per 100 gm., was 
supplemented stepwise from 1 to 5 per cent of L-lysine of the protein moi- 
ety as L-lysine hydrochloride ([a];° = +20° in 1 N HCl). 

The diet periods were of 7 days duration and consecutive, and the chil- | 
dren were weighed daily. The average daily N retention was determined 
from Kjeldahl measurements of daily 24 hour urine collections, analyses 
of pooled feces for each period, and computation of the daily N intake. 
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The plasma proteins were determined weekly by the Kjeldahl technique 
and the colorimetric procedure based on the Sakaguchi reaction for arginine 
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Fig. 1. Effects of a wheat gluten diet on the nitrogen retention, plasma protein 
levels, and arginine content of the plasma proteins. The values in parentheses de- 
note calculated arginine content of the plasma proteins. 


described by us (7). These determinations were made by both methods 
on aliquots of the same plasma protein solutions or fractions as obtained 
by the Howe procedure. 


Results 


In previous studies the dietary lack of tryptophan (8), methionine (9), 
or isoleucine (10) was found to cause a drop in N retention as well as a 


KUM 


790 EFFECT OF LYSINE ON PLASMA PROTEIN 


decrease of 20 per cent or more in plasma protein levels within 10 to 16 
days. It will be observed from the graphic representation of typical data 
secured in this investigation, shown in Fig. 1, that, although the wheat 
gluten diet caused a marked depression in N retention values, it did not 
affect the plasma protein levels, as determined by the Kjeldahl procedure. 
However, measurement of the plasma proteins in terms of their arginine 
content showed them to increase progressively with the duration of the 
wheat gluten diet. When this diet was supplemented stepwise with L- 
lysine, the arginine content of the total plasma proteins was slowly restored 
to the norm from aberrant values of 7 to 9.2 per cent arginine. No signifi- 


TaBLeE II 
Effect of Diet on Composition of Total Plasma Proteins of Normal Male Infants 
Kjeldahl method Arginine method 
Sebject Total Albumin Total | Albumin 
plasma to glob- plasma to glob- 
protein | ulin ratio} protein | ulin ratio 
kg. 
R. A., 7 mos.; 2 | EM 200 6.26 2.30 6.30 2.30 
6280 gm. 7 WG 150 6.19 | 2.62 9.14 2.46 
16 +4 4% 240 6.43 | 2.21 6.66 2.20 
lysine | | 
C. L., 6.3 mos.; 2 | EM 200 6.70 1.80 6.64 2.00 
7407 gm. 6 WG 150 6.62 2.05 8.35 2.07 
150 6.35 | 2.34 8.46 2.10 
14 EM | 200 6.40 1.67 6.70 1.80 


* IM designates the evaporated milk formula, and WG, the wheat gluten diet. 


cant alteration in the albumin to globulin ratios was observed throughout 
the course of these studies (Table II). From this it would appear that 
the compositional change involved both major plasma fractions. 

The N retention of all the infants was restored to normal values when 
the wheat gluten diet was supplemented so that the lysine intake ranged 
from 185 to 220 mg. per kilo per day. Since the plasma protein levels 
were not altered by this dietary supplement, it must be concluded that 
measurements of these blood components do not constitute an adequate 
criterion of lysine intake in the infant. 


DISCUSSION 


The reported findings, which occurred in all six infants studied, suggest 
that in the face of an inadequate lysine intake the plasma proteins are 
formed at an apparently normal rate. This synthesis could be maintained 
by one of two processes, (a) the substitution of arginine for lysine in these 
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proteins or (b) an increase in a plasma protein fraction, or fractions, rich 
in arginine. In view of newer knowledge derived from electrophoretic 
studies, the latter mechanism might appear as the more likely one since, of 
the known plasma proteins, a-globulin and fibrinogen have been reported 
to contain 7.7 and 7.9 per cent of arginine respectively (11). However, if 
this process prevailed, the observed arginine values could be attained only 
by changes, and probably inversion, of the albumin to globulin ratios. 
Since no significant alteration in the albumin to globulin ratios was noted, 
we are forced to consider the likelihood of the mechanism first mentioned. 

Changes in the amino acid composition of serum proteins in health and 
disease have been the purpose of some investigations (6). Although the 
results on pathological sera are very meager, they appear to show that 
changes in basic amino acid content and especially in lysine do occur. 
Studies on Bence-Jones protein suggest that this protein may vary in basic 
amino acid composition in different cases. Some evidence of species differ- 
ences has also been presented. Dolby, Hall, and Happold (12) have re- 
cently shown that protein fractions prepared from Bacterium coli grown on 
different media possess different amino acid patterns. These observations 
have been questioned by those who would include constancy of amino acid 
composition as a criterion of protein purity. This thesis presupposes that 
biosyntheses of proteins are governed by the laws of organic chemistry. 
However, the present status of these problems has been neatly summarized 
by Tristram (13) as follows: ‘““While it may be true that the physiological 
activities of proteins demand the presence of specific groupings, there is no 
evidence which would support the thesis that every unit is unchangeable 
in composition (2.e., alanine for glycine, etc.) or position.” 

Quite apart from these considerations, the observed discrepancy between 
the Kjeldahl and arginine values, if supported by further studies now under 
way, may serve as a criterion of lysine deficiency in man. In this connec- 
tion it is of interest to note that we have obtained significant discrepancies 
between plasma protein values as obtained by Kjeldahl and arginine proce- 
dures in patients suffering from severe malnutrition resulting from chronic 
diseases. 


SUMMARY 


Evidence has been presented that plasma protein levels may not accu- 
rately reflect the protein nutritional state of the infant. The possible 
mechanism through which normal plasma protein synthesis may be 
achieved in the face of a lysine-poor diet is discussed. 
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Dextran, a glucose polymer composed predominantly of a-1 ,6-gluco- 
pyranosidic linkages, is produced from sucrose by Leuconostoc mesenteroides 
and related organisms and from dextrins by other bacteria (see the review 
by Hehre (1)). Conversion of sucrose to dextran is catalyzed by an en- 
zyme, dextransucrase, elaborated by the organisms. Dextransucrase 
preparations as culture filtrates (2, 3) or as dry purified concentrates are 
prepared readily and some of the properties of the enzyme have been de- 
scribed (2-5). 

A study of the course of enzymatic dextran synthesis indicated that 
dextran having an average molecular weight of several millions is produced 
from the beginning of reaction. In recent experiments it has been found 
that the presence of certain sugars, notably maltose and isomaltose, as 
auxiliary sugars in dextran-synthesizing reaction mixtures alters the nor- 
mal course of reaction so that the usual opalescent, viscous type of solu- 
tion, indicative of extensive high polymer production, is not obtained. 
Such reaction mixtures contain instead oligosaccharides as major products. 
It appeared that the auxiliary sugars acted as glucosyl acceptors, alternate 
with the normal acceptor, and also initiated chain formation.' A study 
of acceptor specificity in dextran synthesis was therefore undertaken with 
the object of elucidating the polymerization mechanism. It was hoped 
that clues leading to the direct enzymatic synthesis of ‘‘clinical” dextran 
with an average molecular weight in the range of 50,000 to 100,000 would 
be found. The results are described here. 


Methods 


Enzyme Preparations—Leuconostoc mesenteroides NRRL B-512? from 
the Culture Collection of this Laboratory was used as source of dextran- 


* Present address, Parke, Davis and Company, Detroit 32, Michigan. 

1 Such auxiliary sugars will hereafter be referred to as alternate glucosyl acceptors. 

? This strain of L. mesenteroides was isolated in 1943 by Dr. R. G. Benedict, Fer- 
mentation Division, Northern Regional Research Laboratory. 
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sucrase. This strain produces a relatively linear, water-soluble dextran 
(6). 

The organisms were grown on a large scale in a medium containing su- 
crose, corn steep liquor, and salts with continuous pH regulation, as has 
been described (3). Purified dextransucrase, as a lyophilized dry powder, 
was prepared from the culture filtrates by aleohol and ammonium sulfate 
precipitation. A preparation containing 100 enzyme units per mg. was 
used. 1 dextransucrase unit is defined as the amount of enzyme which 
will convert 1 mg. of sucrose to dextran in 1 hour at 30° and pH 5.0, as 
determined by increase in reducing power, calculated as fructose (2, 3). 

Dextran Synthesis—Reaction mixtures with or without alternate ac- 
ceptors were held at pH 5.0 and 30°. Dextran synthesis at 0.125 M sucrose 
in the absence of alternate glucosyl acceptors proceeds by the appearance 
of opalescence and increase in viscosity. Such changes, indicating pro- 
duction of dextran of very high molecular weight, were looked for. The 
extent of reaction was determined by measuring the increase in reducing 
power, calculated as fructose, by the method of Somogyi (7), corrected as 
necessary for the presence of the auxiliary reducing sugar originally added. 

The yield of high molecular weight dextran, referred to as native dex- 
tran, was determined by alcohol precipitation. An equal volume of ab- 
solute ethanol was added to a 2 ml. aliquot of reaction mixture. The 
precipitated gum was dissolved in 2 ml. of water, reprecipitated, and re- 
dissolved at suitable strength for polarimetric determination of dextran. 
Formamide was used when necessary to dispel opalescence. The results 
were calculated on the basis that B-512 dextran has an [alo of +200° in 
water and of +215° in formamide at the dextran concentrations read. 

Detection of Oligosaccharides—TVhe alcoholic supernatant liquids from 
the first precipitation of dextran were spotted on triplicate sheets of filter 
paper. The papers were irrigated by the solvent descent technique with 
a solvent containing 3 volumes of n-butanol, 2 volumes of pyridine, and 1 
volume of water, as recommended by Jeanes, Wise, and Dimler (8). After 
being dried, individual papers were sprayed with (a) ammoniacal silver 
nitrate or (b) alkaline 3 ,5-dinitrosalicylie acid (8) to detect reducing sugars, 
or (c) with dilute urea-phosphoric acid solution® to detect fructose-con- 
taining sugars. Spots indicating the location of sugars appeared on heat- 
ing. Standard solutions of known sugars were spotted to provide ref- 
erence spots. 


EXPERIMENTAL 


Survey of Sugars and Sugar Derivatives As Alternate Glycosyl Acceptors— 
Deposition of glucosyl radicals on acceptors other than the normal ac- 


3 Dimler, R. J., private communication. 
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ceptor was manifested to varying degrees in three ways: (a) the rate of 
production of reducing power, calculated as fructose, was increased or 
decreased; (b) the yield of native dextran was decreased; and (c) the pro- 
duction of oligosaccharides, difficult to detect in the presence of sucrose 
only, was readily detectable in the presence of a new acceptor. All three 
effects were examined in a survey of sugars and sugar derivatives for pos- 
sible alternate glucosyl acceptors. 

Test reaction mixtures (10 ml.), which were 0.125 M in sucrose, 0.125 mM 
in auxiliary sugar or sugar derivative as alternate acceptor, 0.02 M in ace- 
tate buffer at pH 5.0 containing 25 units of enzyme per ml., were set up 
and incubated at 30°. Purified enzyme was used in these experin.ents. 
In one type of control the auxiliary sugar was omitted; in a second type the 
sucrose was omitted. The reaction rate was determined as reducing power 
liberated in 30 minutes, and the final reducing power and yield of high 
molecular weight dextran were measured. Oligosaccharide formation was 
éxamined on paper chromatograms at the end of reaction. The individ- 
ual reaction mixtures were spotted at uniform original sucrose concentra- 
tion to permit comparison of spot intensities. 

The paper chromatograms indicated the formation in all sucrose-con- 
taining reaction mixtures of small amounts of a new reducing disaccharide. 
This sugar, to which the name “‘leucrose”’ has been given (9), is a fructo- 
glucoside. It appeared at a position half way between isomaltose and 
maltose. Instead of the greenish blue spot characteristic of fructose sac- 
charides when sprayed with urea-phosphoric acid reagent, it gave a light 
pink spot after prolonged heating. Approximately 3 per cent of the su- 
crose utilized was converted to leucrose, as estimated by comparing the 
spot formed with those given by standard solutions of pure leucrose. 

A second new reducing sugar, as yet unidentified, appeared in all sucrose 
reaction mixtures as a much fainter spot, approximately coinciding with 
the maltose guide spot. Presumably this sugar is a disaccharide, judging 
from its mobility. It gave a blue color with urea-phosphoric acid reagent 
and was assumed to contain fructose in its structure. 

None of the auxiliary sugars or sugar derivatives tested as glucosyl 
acceptors was attacked by the enzyme in the absence of sucrose. Xylose, 
p- and L-arabinose, ribose, rhamnose, mannose, sorbose, cellobiose, treha- 
lose, lactose, melezitose, raffinose, inulin, inositol, mannitol, sorbitol, glu- 
conate, 2-ketogluconate, 5-ketogluconate, and glycerol were inert in the 
dextran synthesis in the presence of sucrose. Specimens of 6-amylase 
limit dextrin, soluble starch, amylopectin, native B-512 dextran, and a 
commercial preparation of low (about 80,000) molecular weight clinical 
dextran did not affect reaction rate or oligosaccharide production appre- 


796 ENZYMATIC SYNTHESIS OF DEXTRAN 


ciably when present at 0.125 mM on an anhydroglucose unit basis. Inter- 
ference by the latter substances with alcohol precipitation prevented ex- 
amination of their effect on dextran yield. Isomaltose, maltose, a-methy] 
glucoside, glucose, fructose, leucrose, melibiose, and galactose affected re- 
action rate, as well as the reducing power and native dextran accumu- 
lated by the end of the experiment, as shown in Table I. The effects 
on oligosaccharide production are shown in part in Fig. 1. 

Isomaltose had the greatest effect on the reaction and appeared to be the 
best alternate glucosyl acceptor. Its presence approximately doubled 
reaction rate. The reaction mixture remained essentially clear and non- 
viscous, and the yield of normal dextran was very low. The chromato- 


TABLE I 
Effects of Auxiliary Sugars on Dextran Synthesis 


Reducing power* 


Auxiliary sugar Dextran yieldt 

| 30 min | Final | 

omg. per ml mB. per mil. | meg. per mi. 
5.4 22.2 18 


_ Corrected for auxiliary sugar. The theoretical final value is 22.8 me. 
+t Theoretical yield, 20 mg. 


grams showed very heavy production of a series of oligosaccharides whose 
sugars coincided with those obtained in the hydrolysis of dextran.‘ It 
therefore appeared that the oligosaccharide series produced was the as- 
cending a-1 ,6-glucopyranosidic series, and that normal dextran synthesis 
had been diverted to major formation of these oligosaccharides. De- 
crease in the intensity of isomaltose spots before and after reaction in- 
dicated that isomaltose had been used in the reaction, presumably by 
initiating chain formation. 

Maltose was the second best alternate glucosyl acceptor. It sharply 
increased reaction rate and depressed dextran yield. No appreciable opal- 
escence or increase in viscosity occurred. Intensity of the maltose spot 


‘ We are indebted to Dr. A. Jeanes and Dr. R. J. Dimler for providing the speci- 
men of dextran hydrolysate. 
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decreased as a result of the reaction, and a series of oligosaccharides 
was again produced as a major product. The series differed, however, 
from that formed in the sucrose-isomaltose reaction mixture. The trisac- 
charide spot coincided with panose, a glucose trisaccharide whose con- 
stitution is 4-a-isomaltopyranosyl-p-glucose (10, 11). This sugar would 
be the expected product if a glucosy] radical were linked through an a-1 ,6- 
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Fig. 1. Oligosaccharides produced in dextran synthesis in the presence of auxil- 
lary sugars. A tracing of a paper chromatogram sprayed with ammoniacal silver 
nitrate is shown. The paper was irrigated five times by the multiple descent tech- 
nique (8). Spots indicating the auxiliary sugar supplied are indicated by X. 


glucopyranosidic bond to the non-reducing glucose moiety of maltose. 
Successive deposition of additional radicals would result in a series of 
oligosaccharides related to that found in the dextran hydrolysate, but 
different in that the disaccharide moiety at the reducing end would be 
maltose instead of isomaltose. Presumptive evidence for such a series of 
oligosaccharides was the relative positions of individual members of the 
two series. For example, the trisaccharide (coinciding with panose) formed 
in the reaction had a somewhat greater mobility than isomaltotriose, and a 
comparable difference was found between other equivalent members. It 
was concluded, therefore, that maltose not only had acted as a glucosyl 
acceptor but had initiated formation of new dextran chains as well. 
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Glucose accelerated the reaction, but the reducing power of 7.1 mg. per 
ml. found at 30 minutes for glucose was only 0.6 greater than the value in 
the control experiment. It is felt from examination of the experimental 
deviations that a difference of 0.6 indicates that the rate has been definitely 
altered, whereas a difference of 0.3 is only suggestive. Glucose had little 
effect on dextran yield. An oligosaccharide series was again readily de- 
tectable, but the individual sugars were present in smaller amounts. The 
series coincided with the dextran hydrolysate series, as would be expected 
if glucose were an alternate glucosyl acceptor and also initiated chain 
formation. It appeared that glucose was a less effective acceptor than 
either maltose or isomaltose. 

a-Methyl glucoside increased the reaction rate and decreased dextran 
vield. A different series of spots was evident on papers sprayed with 
silver nitrate, but not on those sprayed with dinitrosalicylic acid. It 
appeared that a-methyl glucoside initiated formation of a series of non- 
reducing oligosaccharide derivatives having the obvious relationship to 
the dextran series of sugars. 

Fructose as auxiliary sugar differed from the four previous acceptors in 
decreasing, rather than increasing, the reaction rate. There was little 
effect on dextran yield. The paper chromatograms indicated that there 
had been considerably greater formation of leucrose and also of the fruc- 
tose-containing disaccharide coinciding with maltose. There was only a 
slight increase in the amounts of higher oligosaccharides. Leucrose itself 
decreased reaction rate slightly and did not affect dextran yield, but had a 
definite though minor effect on oligosaccharide production. The latter 
sugars appeared to be a still different series. 

Melibiose as auxiliary sugar caused a decrease in reaction rate, without 
major effect on dextran yield. The. chromatograms, however, indicated 
moderate production of a reducing sugar appearing below melibiose and 
presumed to be a trisaccharide. Other oligosaccharides were present. in 
only small amounts. Only oligosaccharide production was affected to any 
degree by galactose, and the effect was small. 

Raffinose contains the labile sucrose linkage and might be expected to 
act as glycosyl donor. Provision of maltose as acceptor in a maltose- 
raffinose reaction mixture did not lead to detectable reaction. 

Leucrose Formation—The genesis of leucrose was examined. Leucrose 
might be expected to be formed by either (a) deposition of a glucosy! rad- 
ical on free fructose or (b) deposition of a glucosyl radical on the fructose 
moiety of sucrose, followed by splitting of the labile sucrose linkage. An 
experiment was performed in which fructose at levels between 0 and 10 
per cent was added to reaction mixtures containing 5 per cent sucrose and 
50 units of purified dextransucrase per ml. The amount of leucrose ap- 
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pearing on the chromatograms was proportional to fructose concentration, 
and fructose seemed to behave as the glucosyl acceptor. 


DISCUSSION 


It has been shown that certain sugars, especially isomaltose, maltose, 
a-methyl glucoside, and glucose, when present during dextran synthesis, 
can act as glucosyl acceptors alternate with the natural acceptor. They 
can also initiate chain formation. In many respects these sugars perform 
a function in dextran synthesis analogous to priming in starch synthesis. 
Chain initiation by abnormal acceptors, such as maltose, a-methyl gluco- 
side, melibiose, fructose, and leucrose, as observed on paper chromato- 
grams, leads to formation of new series of oligosaccharides related to 
dextran oligosaccharides but differing in the nature of the saccharide 
moiety at the reducing end. Extended growth of the maltose-derived 
series of oligosaccharides to a dextran analogue has recently been demon- 
strated and will be reported elsewhere. It is to be expected that similar 
analogues can be synthesized from other alternate acceptors as primers. 
For convenience it is proposed to name such new dextran analogues after 
the initial acceptor, as, for example, “‘maltodextran” from maltose and 
“a-methylglucosidodextran” from a-methyl glucoside. In this nomen- 
clature the type of dextran normally produced would be called ‘‘isomalto- 
dextran”? and would be derived by deposition of glucosyl radicals on glu- 
cose, isomaltose, or the natural acceptor, whatever its identity. 

Provision of alternate glucosyl acceptors would be expected to result in 
competition for glucosyl radicals between the natural and alternate ac- 
ceptors. The effectiveness of alternate acceptors in modifying the normal 
synthetic process would depend on (a) the acceptor’s intrinsic reactivities 
as well as on (b) their concentrations relative to that of the natural ac- 
ceptor. Variation in the first factor was evident in the present work. 
Provision of an efficient alternate acceptor, such as maltose or isomaltose, 
appears to divert normal dextran synthesis, in which high polymer is 
produced throughout the course of reaction and in which no appreciable 
quantities of oligosaccharides are found (1), to an abnormal process in 
which many chains are built up simultaneously. It would seem that 
extension of the second type of process should lead to control over size of 
the product, and as such would be valuable as a means for obtaining di- 
rectly the type of small dextran polymers desired as a blood plasma sub- 
stitute. 

The increase in reaction rate resulting from the presence of maltose, 
isomaltose, or a-methyl glucoside suggests that the nature and amount of 
the acceptor are rate-controlling factors in normal dextran synthesis. The 
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observed increase in reaction rate, taken with the near absence of detect- 
able oligosaccharides at all stages of normal dextran synthesis, arouses 
speculation as to the nature of the natural chain initiator and the ac- 
ceptors derived from it. Consideration of the numbers of sucrose mole- 
cules converted, in relation to the molecular weight of the dextran pro- 
duced, indicates that chain initiation must occur during the course of 
extensive dextran synthesis. One possibility is that chain initiation occurs 
infrequently and that the initiator and growing polymer are highly active 
as acceptors; consequently, the few growing chains rapidly outgrow the 
oligosaccharide range. Studies on the kinetics of polymerization have 
been undertaken and may disclose the character of normal dextran for- 
mation. 

The effect of fructose and melibiose in decreasing reaction rate sets these 
sugars apart from other major acceptors and is not explainable from ob- 
vious considerations. One possible explanation is that deposition of 
glucosyl! radicals on these sugars withdraws enzyme temporarily from its 
normal sucrose-splitting function. Fructose and melibiose appear to be 
acceptors of low reactivity, inasmuch as oligosaccharides are not abundant. 
However, low oligosaccharide concentration may indicate a higher re- 
activity of the oligosaccharide than of the parent sugar in the manner 
discussed above for conventional dextran synthesis. 

Although results of the survey indicate that saccharides containing 
terminal glucose units, such as occur in maltose, isomaltose, and a-methy! 
glucoside, constitute three of the major alternate acceptors found, yet 
rigid and simple correlation between sugar structure and acceptor suit- 
ability is not yet permissible since other saccharides, such as trehalose, 
share this attribute and were inert. 


We wish to acknowledge our indebtedness to Dr. Edward J. Hehre, 
Cornell University Medical College, for stimulating discussions of en- 
zymatic dextran synthesis, especially as to the nature and effects of primers. 


SUMMARY 


1. A survey of a large number of sugars and sugar derivatives indicated 
that isomaltose, maltose, a-methy! glucoside, and glucose can act as effi- 
cient alternate glucosyl acceptors and can also initiate chain formation 
when present during enzymatic conversion of sucrose to dextran. These 
sugars increased reaction rate. In contrast to normal dextran synthesis, 
the process in the presence of efficient alternate acceptors led to extensive 
oligosaccharide formation and simultaneous growth of many dextran 
chains. 
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2. Fructose, leucrose, melibiose, and galactose also appeared to act as 


glucosyl acceptors, but were much less efficient. 


3. The oligosaccharides produced appeared to comprise the series to be 


expected from successive addition of glucose by a-1 ,6-glucopyranosidic 
linkage on the alternate acceptor. 


4. Formation of leucrose and a second fructose-containing disaccharide 


was enhanced by the presence of fructose as auxiliary sugar. 


“so oF 
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Primary amino acids may be quantitatively deaminated by ninhydrin 
with the formation of carbon dioxide and an aldehyde. Under some con- 
ditions, the ammonia appears as such, but, under others, it condenses to a 
greater or lesser extent with the reagent to form diketohydrindylidene- 
diketohydrindamine (DYDA). The familiar violet color which is associ- 
ated with the reaction of amino acids with ninhydrin is attributed to the 
anion of this compound. Ruhemann (1-3) was of the opinion that, the 
first step in the reaction is the oxidative deamination of the amino acid 
with the formation of a molecule of ammonia and a molecule of the reduc- 
tant of ninhydrin, diketohydrindol, in the form of the meriquinone, hydrin- 
dantin. The ammonia then condenses with the hydrindantin to form 
DYDA. This scheme is consistent with the fact that ammonia forms 
DYDA with ninhydrin only in the presence of a reducing agent capable 
of producing some hydrindantin. It is inconsistent, however, with the 
fact that ammonia reacts more slowly and less completely than do amino 
acids under the same conditions. One must conclude that the deamination 
and the condensation are coupled in some fashion. 

Moore and Stein (4) have recently developed the reaction into a rapid 
and convenient photometric method for the estimation of amino acids. 
They showed that the low and variable yields of color usually obtained 
were due to the autoxidation of some of the diketohydrindol formed as a 
result of the oxidative deamination. Introduction of a reducing agent into 
the system materially increased the amount of color and made it possible 
to obtain consistent and reproducible results. Even so, in the procedure 
of Moore and Stein, the yield of color per molecule varies with the amino 
acid, and, in no case, is as great as that of a molecule of DYDA. 

Seeking an explanation for the apparent lack of stoichiometry of the 
reaction, we were impressed with the observation of Moore and Stein that 
the colors formed in their procedure slowly faded on standing at room 
temperature over a period of hours. Since the colors are developed by 
exposure of the reaction system to 100° for 20 minutes, it was reasonable 


* Present address, May Institute for Medical Research of the Jewish Hospital 
Association, Cincinnati, Ohio. 
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to infer that some destruction of DYDA occurred in this step. We, there- 
fore, sought conditions under which the rate of formation of DYDA was 
increased relative to its rate of destruction. Organic solvents such as 
aleohol, dioxane, methyl Cellosolve, pyridine, and phenol were found to 
accelerate the development of color to varying degrees. Ultimately a 
phenol-pyridine system was adopted as the most effective solvent. In this 
system containing 5 per cent water the majority of the amino acids gave 
quantitative yields of color in 20 minutes at room temperature (Table I). 


TABLE I 
Color Recoveries Obtained at Room Temperature 
0.01 ml. of amino acid, 0.002 mM, 2 ml. of 80 per cent phenol in alcohol, 0.5 ml. of 
pyridine, 500 mg. of ninhydrin, and 100 mg. of hydrindantin are allowed to react for 
20 minutes at room temperature, and diluted to 10 ml. with 60 per cent alcohol and 
1 per cent formaldehyde. 


Amino acid mu extinction (570 ma)|Per cent yield of DYDA 


Exposure to 100° for 3 to 5 minutes gave quantitative yields of color for all 
the amino acids except tryptophan and lysine (Table II) in a system con- 
taining 20 per cent water. 

The imino acids react with ninhydrin in an entirely different fashion. 
Carbon dioxide is evolved and yellow colors are formed very rapidly, even 
at room temperature and at pH 7. Reducing agents are without influence. 
Deamination does not occur and the imino acid residue condenses directly 
with the ninhydrin to form the pigment. 

Grassmann and von Arnim (5) have isolated red derivatives of proline 
and hydroxyproline and have identified them as di(diketohydrindylidene)- 
pyrroles. We have prepared these compounds and have observed that in 
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aqueous solution they readily change to yellow products possessing a broad 
absorption with a maximum at 440 my. They are not well suited to 
photometry because of the relatively large absorption of ninhydrin in this 
region of the spectrum. The red compounds, on the other hand, exhibit 
intense absorption in the region 550 to 570 mu. 


Il 
Results with Recommended Method for Amino Acids 


Amino acid | mM extinction (570 my) Per cent yield of DYDA 
| 

| 20.6 | 95.5 
saws | 19.3 | 89.5 
Alanylglycylglycylleucine................... | 18.3 85.0 
Urea, creatinine, aniline, p-aminobenzoic 


It is the yellow products of the imino acids that are formed when the 
procedure of Moore and Stein is applied to a protein hydrolysate. We 
have demonstrated, however, that the red compounds are fugitive inter- 
mediates. It has been possible to obtain quantitative recovery of the red 
derivative of hydroxyproline by continuous extraction of an appropriate 
reaction system with benzene. Under the conditions to be described, the 
red pigment of proline forms more slowly and is converted to the yellow 
product more rapidly. A small amount of it is extracted with benzene. 
Based on these observations a method has been devised for the photometric 
determination of hydroxyproline in amino acid mixtures. 
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EXPERIMENTAL 
Amino Acids 

Preliminary Observations—The reaction of alanine with ninhydrin under 
varying conditions was first explored. The conclusion of Moore and Stein 
that the optimum pH for the reaction was at 5 was confirmed. At room 
temperature the reaction was very slow and, on completion, fell far short 
of giving the theoretical amount of color. The reaction was speeded up 
considerably in the presence of excess of alcohol, both rate and yield 
increasing progressively as the concentration of alcohol rose from 80 to 98 
per cent. Other water-miscible organic solvents gave similar results. Py- 
ridine was particularly effective (6), as was a concentrated solution of 
phenol in alcohol. Ultimately we chose an 80 per cent. solution of phenol 
buffered with pyridine as the most effective solvent. 

In the early experiments ascorbic acid was used as the reducing agent or 
hydrindantin itself was added to the reaction mixture. In the search for a 
more stable and soluble reducing agent we observed that potassium cyanide 
led to the formation of hydrindantin when added to a solution of ninhydrin. 
This was inferred from the observation that a red color was formed in 
borate buffers and a blue color in dilute sodium hydroxide. The spectra 
of these two colors were indistinguishable from those of hydrindantin in the 
same two solvents. 

The stability of DYDA in the phenol-pyridine system was examined. 
In the absence of ninhydrin the color faded rapidly at 100°, but in the 
presence of ninhydrin there was no detectable loss of color after heating for 
20 minutes. The explanation of this protective effect of ninhydrin is not 
known. 

On the basis of the above observations the procedure described below 
was devised and tested on seventeen amino acids and a few peptides. 


Recommended Method for Primary Amino Acids 


Reagents— 

1. Ninhydrin solution. 500 mg. of ninhydrin are dissolved in 10 ml. of 
absolute alcohol. 

2. 80 per cent phenol solution. 80 gm. of reagent grade phenol are 
dissolved in 20 ml. of absolute alcohol, with gentle heating. The solution 
is shaken with 1 gm. of Permutit for about 20 minutes to remove traces of 
ammonia and then decanted. 

3. KCN-pyridine reagent. 2 ml. of a 0.01 m solution of KCN are diluted 
to 100 ml. with ammonia-free pyridine, prepared by shaking 100 ml. of 
pyridine with 1 gm. of Permutit for about 20 minutes. 

4. 60 per cent alcohol (by volume). 
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All reagents appear to be stable for at least a month at room temperature. 
The phenol solution tends to absorb ammonia from the air and should be 
shaken weekly with Permutit. 

Procedure—0).4 to 0.5 ml. of aqueous amino acid solution, of any pH 
between | and 8, containing from 0.05 to 0.5 um of amino acid, is heated 
with 1 ml. of KCN-pyridine reagent and 1 ml. of 80 per cent phenol rea- 
gent in a boiling water bath. When the mixture has reached the tempera- 
ture of the water bath, 0.2 ml. of the ninhydrin solution is added, the 
reaction vessel is stoppered, and the reaction is allowed to proceed for 3 to 
5 minutes. The solution is cooled and made up to 10 ml. with 60 per cent 
alcohol, and the optical density at 570 mu is determined. 0.4 to 0.5 ml. of 
ammonia-free water, subjected to the same procedure, is used as a reagent 
blank. 

Results—All the amino acids tested, except tryptophan and lysine, gave 
colors equivalent to 97 to 102 per cent of that of pure DYDA in the same 
solvent. Tryptophan gave about 70 per cent yield, and lysine 110 per cent 
(Table II). The absorption spectra of the colors obtained from amino 
acids in this procedure were identical with that of DYDA (Fig. 1). The 
peptides tested did not react quantitatively, but gave yields of color dimin- 
ishing from 95 to 85 per cent in passing from a di- to a tetrapeptide. The 
reaction of ammonia was less than one-third complete, while urea, uric 
acid, creatine, and creatinine did not give any observable color. It is of 
interest to note that, although proline and hydroxyproline do not form 
DYDA, the imino acid, sarcosine, did react to an extent comparable with 
the reaction of ammonia. 

Imino Acids 

Preliminary Observations—In the method which has been described, pro- 
line and hydroxyproline formed yellow colors with a wide absorption maxi- 
mum in the 440 my region. This reaction was more rapid in water-miscible 
organic solvents, but phenol did not show any advantage over other sol- 
vents. Reducing agents were without influence. In reaction systems buf- 
fered between pH 4 and 8 with aqueous buffers containing water-miscible 
organic solvents such as methyl! Cellosolve, hydroxyproline passed through 
an intense dark red stage before becoming yellow. The red product was 
isolated by extracting the system with benzene and was found to have an 
absorption spectrum identical with that of the isolated di(diketohydrin- 
dylidene)pyrrole compound prepared according to Grassmann and von 
Arnim (5). 

The latter compounds are readily prepared by treating 1 mole of the 
imino acids with 2 moles of ninhydrin in phosphate buffer at pH 7 for 
1 hour at 40-60°. The partially crystalline precipitate is dissolved in 
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benzyl alcohol, and the compound is allowed to crystallize from the fil- 
tered solution at 0-5° after the addition of 4 volumes of ethyl alcohol. 
Both the proline and hydroxyproline derivatives crystallize as microscopic 
dark purple needles with a green fluorescence. The nitrogen contents of 
our products agreed with the analytical data reported by Grassmann and 
von Arnim (5). 


MILLIMOLAR EXTINCTION 


diketohydrindylidene - 
diketohydrindamine 


o-color given by leucine in procedure 


420 460 500 540 580 620 660 

WAVE LENGTH IN MILLIMICRONS 

Fic. 1. Comparison of the absorption spectra of isolated DYDA and of the color 
given by an equimolar concentration of leucine when carried through the procedure 
for primary amino acids. 


When the isolated proline and hydroxyproline derivatives were added to 
a system containing water and ninhydrin, they formed the same yellow 
colors as do the amino acids themselves. It is concluded that the com- 
pounds of Grassmann and von Arnim (5) are intermediates in the formation 
of the yellow colors. The red compounds may be extracted with benzene. 
This solvent does not remove the yellow pigments nor does it extract 
DYDA. It is therefore possible to apply the process directly to protein 
hydrolysates. Conditions have been found under which a quantitative 
recovery of the derivative of hydroxyproline may be obtained, accompanied 
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by only a small yield of the corresponding derivative of proline. The 
absorption spectra of the proline and the hydroxyproline derivatives show 
maxima at 550 and 570 muy, respectively. If readings of the optical densi- 
ties at these two wave-lengths are made, one may correct for the amount 
of proline present with the aid of constants derived from the absorption 
spectra of the pure compounds (Fig. 2). The molecular extinction coeffi- 
cients are about 3 times as great as that of DYDA. 


80- —PROLINE 


MILLIMOLAR EXTINCTION 
rs 


HYDROXYPROLINE 


440 460 480 500 520 540 S60 580 600 620 
WAVE LENGTH IN MILLIMICRONS 
Fic. 2. Absorption spectra of the isolated proline and hydroxyproline compounds 


Recommended Procedure for Determination of Hydroxyproline 


Reagents— 

1. Ninhydrin solution. 0.1 mM ninhydrin in methyl Cellosolve. 

2. Phosphate buffer, pH 7.0, 0.1 Mm. 

3. Benzene, p. 

Procedure—O.1 ml. of the sample, containing 1 to 15 y of hydroxyproline, 
0.1 ml. of phosphate buffer, and 2.5 ml. of benzene are placed in a Folin- 
Wu tube. The tube is attached to a rapid vibrator, the bulb dipping into 
a water bath maintained at 75° + 1°. The vibrator is started and 0.2 ml. 
of ninhydrin solution is added. The tube is withdrawn after 5 minutes 
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and the benzene layer is made up to 10 ml. in a volumetric flask. The 
optical densities of the solution at 550 and 570 mu are determined in a 
Beckman spectrophotometer. 


TaBLeE III 
Recovery of Hydroxyproline from Mixtures of Amino Acids and Urine 

0.1 ml. of hydroxyproline of the concentration indicated added to 0.1 ml. of solu- 
tions of 0.01 mM amino acid mixture containing glycine, alanine, valine, leucine, iso- 
leucine, tyrosine, tryptophan, phenylalanine, methionine, glutamic acid, aspartic 
acid, histidine, arginine, lysine, serine, threonine, and sarcosine, each 5.25 per 
cent; proline 10.5 per cent of amino nitrogen. 0.1 ml. of hydroxyproline added to 
0.1 ml. of normal urine samples. 


Molar concentration of hydroxyproline Apparent contribution of hy- 
added droxyproline to OD at 570 mu | Recovery,* per cent 


Amino acid mixtures 


| 0.010 


0 
2x 10-4 0.142 103 
4X 10-4 0.284 102 
6 xX 10-4 0.415 | 101 
8 X 10-4 0.535 97 
1X 1073 0.691 | 100.5 
Urine 
0 0.024 | 
2x 10-4 0.160 | 99.5 
4 xX 10-4 0.302 | 102 
6 x 10-4 0.430 99.5 


* Calculated from the millimolar extinction at 570 my of the isolated hydroxypro- 
line compound. 


The contribution of hydroxyproline to the color in the benzene layer is 
calculated from the following equation: 


HOs70 = 1.46 ODs570 0.592 ODs550 


where OD 550 is the optical density at 550 my, the optical density at 
570 my, and HOs7z the contribution of hydroxyproline to the optical density 
at 570 mu. 

Optical standards are established with 0.1 ml. of solutions containing 
0.01 to 0.1 wm (1.3 to 13 y) of hydroxyproline. Reagent blanks are deter- 
mined by substituting 0.1 ml. of water for the sample solution. 

Results—Recovery experiments were carried out by adding 0.1 ml. of 
solutions of hydroxyproline in phosphate buffer to 0.1 ml. of a 0.01 M 
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solution of a mixture of sixteen amino acids, together with sarcosine and 
proline. In six experiments, with amounts of hydroxyproline ranging from 
0.02 to 0.1 um, recoveries of 97.8 to 103 per cent were obtained. Similar 
recoveries were obtained when hydroxyproline was added to urine (Table 
III). The absorption spectra of the colors obtained in these recovery 
experiments could be entirely accounted for as being due to the hydroxy- 
proline and proline derivatives. 

The method was then applied to protein hydrolysates and to urine. 
Hydrolysates of crystalline lactoglobulin, crystalline ricin, and gelatin were 
adjusted to pH 7 with phosphate buffer. Aliquots containing 0.1 mg. of 
protein per ml. (gelatin) or 5 mg. of protein per ml. (lactoglobulin and 
ricin) were analyzed. The amount of hydroxyproline found in lactoglobu- 
lin and ricin was less than 0.1 per cent. The amourt found in gelatin was 
12.83 per cent. A series of normal urines was brought to pH 7 by adding 
solid dibasic potassium phosphate, and 0.1 ml. samples were submitted to 
analysis. The benzene layer was diluted to 5 rather than 10 ml. because 
of the small amount of color present. The normal excretion of hydroxy- 
proline appears to be of the order of 0.5 to 2.5 mg. of hydroxyproline per 
day (four samples). | 


SUMMARY 


1. A modified procedure is described for the photometric determination 
of amino acids with ninhydrin. Ten of the naturally occurring amino 
acids give theoretical yields of color at room temperature. At 100° all 
amino acids, except tryptophan and lysine, react quantitatively. 

2. A method for the photometric estimation of hydroxyproline in amino 
acid mixtures is described. It is based on the extraction of a red derivative 
from the reaction system with benzene. This pigment is a precursor of the 
yellow compound which is the final product of the reaction with ninhydrin. 
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BIOLOGICAL CONVERSION OF PROTOGEN B TO PROTOGEN A* 


By GERALD R. SEAMAN 


(From the Carter Physiological Laboratory, University of Texas Medical Branch, 
Galveston, Texas) 


(Received for publication, July 29, 1952) 


The acetate-replacing factor for Lactobacillus casei (1) has been found (2) 
to be identical with the pyruvic oxidation factor (3) and with the essential 
growth factor for the ciliate Tetrahymena (4), protogen (5). Patterson 
et al. (6) have recently shown that crude protogen contains two biologically 
active components, protogen A and protogen B. The compounds have 
been synthesized (7) and assigned chemical structures (8). 

Reed and his coworkers have also purified (9), crystallized (10), and 
synthesized (11) a series of compounds exhibiting high pyruvic oxidase 
factor and acetate-replacing activity. Although these compounds have 
been termed lipoic acids (10), they are chemically and biologically (12) 
identical with the protogens. Two components have been obtained from 
the liver and five from yeast extracts (13). 

In view of the multiplicity of form of the protogens (or the lipoic acids), 
it has been suggested (6, 12) that the various forms of the factor are 
chemically related. In the course of assaying the relative growth-promot- 
ing activities of the two protogens, data were obtained which indicate a 
biological relationship: the conversion of the B form to protogen A. 


Methods 


Activity of protogen A and of protogen B was ascertained from the 
growth response elicited in cultures of Tetrahymena geleii S and of L. 
caset. ‘The medium used for the culture of Tetrahymena was essentially 
that described by Elliott (14), with the exceptions that pure protogen A or 
protogen B! was substituted for the crude material and that the con- 
centration of acetate was decreased to 0.5 mg. per ml. Cultures were 
inoculated by the procedure described by Kidder, Dewey, and Parks (15) 
and were maintained at 25°. LL. casei was grown in the acetate-free medium 
described by Guirard et al. (1). The procedure of inoculation recom- 
mended by these authors was followed and the organisms were maintained 
at a temperature of 35°. Growth of both organisms was estimated tur- 
bidimetrically with a Klett photometer having a No. 54 filter (16). 


* This investigation was aided by grants from the National Institutes of Health, 
United States Public Health Service, and from the American Philosophical Society. 

1 Thanks are gratefully extended to Dr. E. L. R. Stokstad for generous supplies 
of protogens A and B. 
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PROTOGENS B AND A 


RESULTS AND DISCUSSION 


Table I shows that the growth response of both L. casei and of Tetra- 
hymena is dependent upon the absolute concentration of protogen present 
in the medium. The response to a given amount of the factor is similar 
regardless of whether the A or the B form is added. ‘These experiments 
were conducted according to the conventional microbiological assay pro- 
cedure of reading the response after a given period of growth, 6 days in 
the case of Tetrahymena and 12 hours for L. casez. 

Variations in the growth response of the two organisms to the different 
forms of protogen are, however, readily observed if growth is measured at 


TABLE I[ 


Growth Response of Tetrahymena and of Lactobacillus to Protogen A and to 
Protogen B 
The response of Tetrahymena was measured after 6 days of growth, of Lactobacillus 
after 12 hours of growth. The mediums and conditions of growth were as described 
in the text. The values represent readings on the Klett photometer. 


T. geleit L. caset 
Concentration, units 
per ml. Protogen A Protogen B Protogen A Protogen B 
Growth response Growth response Growth response Growth response 

0.00 0 0 0 ) 

0.01 7 9 0 0 

0.10 27 24 0 0 

0.30 61 64 3 9 

0.50 | 58 61 | 28 23 

1.00 : 68 67 | 41 | 40 

1.50 | 67 64. | 39 | 42 


— 


various intervals of time (Fig. 1). In the presence of protogen A, regard- 
less of the amount of factor present, logarithmic growth of both organisms 
begins immediately. The amount of growth obtained is, of course, de- 
pendent upon the concentration of protogen present. When protogen B 
is used in place of protogen A, there is an initial lag in the growth of both 
Tetrahymena and of L. casei. Following this delay, growth proceeds at a 
rate identical with that obtained in the presence of the A form of the 
factor. The amount of growth obtained in the presence of the B form is, 
as indicated in Table I and in Fig. 1, similar with that obtained in the 
presence of the corresponding amount of protogen A. 

Since the protogen B used in these experiments was in the form of the 
S-benzylthiuronium salt, whereas the protogen A was a pure, synthetic 
preparation, it was thought that the lag observed was due either to an 
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inhibition of the S-benzylthiuronium ion or to the possible splitting of 
the compound, with the resulting liberation of pure protogen B. The pro-. 
togen that would thus be freed would be expected to elicit a response 
identical with that of protogen A. However, when pure protogen B? 
was tested, results identical with those obtained with the S-benzylthi- 
uronium salt were observed. It thus appears that protogen B is con- 


Letraluymena, geleii L. casei 


Slope 
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& 
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Fig. 1. Response of Tetrahymena and of Lactobacillus to protogen A and to proto- 
gen B. Mediums and conditions of growth as described in text. 


verted by growing Tetrahymena and lactobacilli to the biologically active 
form of the factor, protogen A (thioctic acid (8) or dimercapto-n-octanoic 
acid (17)). 

If a conversion of the B form to the A form of protogen is accomplished 
by growing cells, such a conversion would be expected to be achieved at a 
time when the growth of the cells is past the initial lag and is continuing 
at a rate equal to that which occurs in the presence of the A form. There- 


2 Pure protogen B was prepared by acidifying a solution of the S-benzylthi- 
uronium salt and extracting with ether. The pure factor is obtained in the ether 
layer. 
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we, L. caset was grown for 63 hours in the presence of 1 unit of protogen 
. per ml. The culture was then autoclaved and the precipitated protein 
-e»moved by centrifugation. The clear supernatant was then extracted 
rhree times with small portions of ether. By this procedure protogen, 
whether it is in the A or in the B form, is extracted. The ether extract 
was evaporated im vacuo, the residue was taken up in a small volume of 
water, and aliquots were added to fresh culture mediums (lacking added 


59°F 


Population as Klett Units 


4 8 12 
Zime in Hours 
Fic. 2. Response of L. casei to extracts of mediums in which lactobacilli have 
been grown in the presence of protogen B for 6} hours. 


protogen) used for the growth of the same organism. Aliquots of 100 ul. 
of resuspended residue were equivalent to 1.0 ml. of original medium, which 
contained 1.0 unit of protogen B per ml. When organisms were grown 
in this medium, no initial lag in the rate of growth was observed (Fig. 2); 
that is, the nature of the growth response was identical with that obtained 
when protogen A is present (see Fig. 1). 

In order to ascertain whether the active factor present in the medium 
after growth of the organisms is in fact protogen A, bioautographs of acid- 
hydrolyzed cultures of L. casei were compared with samples of pure pro- 
togen A and protogen B. After 63 hours of growth in the presence of 1 
unit of protogen B per ml., sulfuric acid was added to a final concentration 
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of 6 N and the mixture was autoclaved at 120° for 3 hours. The cooled 
mixture was then neutralized, filtered, and chromatographed on Whatman 
No. 1 filter paper; n-butanol saturated with 2 N ammonia was used as the 
solvent system. Standards of pure protogen A and of pure protogen B 
were run simultaneously as standards. Bioautographs were then prepared 
from the air-dried chromatograms by the method described by Reed et al. 
(13), with the exception that L. casez was used as the test organism. 
Pure protogen A was found to have an Ry, of 0.76 and pure protogen 
B an Ry, of 0.38. These correspond to the values of 0.70 and 0.33, re- 
spectively, reported by Stokstad and Pierce (18). Chromatographed sam- 
ples of acid-hydrolyzed culture showed luxurious growth at an R,» cor- 
responding to that of pure protogen A, and only very sparse growth 
in the region corresponding to protogen B. Growth was never observed 
at regions other than those corresponding to protogen A or protogen B. 

To assure that the conversion is not merely the result of the interaction 
of the protogen B with some constituent (or constituents) of the growth 
medium, uninoculated L. caset medium was incubated for 10 hours and 
the medium then subjected to acid hydrolysis and chromatographed.  Bio- 
autographs of such preparations showed the presence of a single factor 
at Rr 0.38. It thus appears that the protogen conversion is accomplished 
by growing organisms. 


SUMMARY 


In the presence of protogen B, there is an initial lag in the growth of the 
protogen-requiring organisms Tetrahymena geleit and Lactobacillus casei. 
Following this delay, the rate of growth of both organisms is identical with 
that obtained initially in the presence of protogen A. 

Protogen extracted from growing cultures of L. casez initially supplied 
with protogen B elicits a growth response identical with that obtained in 
the presence of pure protogen A. Bioautographs of acid-hydrolyzed ex- 
tracts of L. casei grown for 63 hours in the presence of protogen B show 
high protogen activity at an PR, corresponding to that of pure protogen A, 
and sparse activity at an R» corresponding to protogen B. Bioautographs 
of L. casei medium containing protogen B which was incubated 10 hours, 
without inoculation, showed protogen activity at an R,y corresponding to 
only protogen B. It thus appears that protogen B is converted by the 
growing organisms to the A form of the factor. 
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Recent investigations in this laboratory (1) have demonstrated that in 
Neurospora crassa growth characteristics representing at least two stable 
states are possible with the same constitution of nuclear genes. If a slow 
growing strain, designated poky, functions in a cross to wild type as the 
“maternal” or protoperithecial parent, then all progeny from the cross 
exhibit the poky character. If the cross is made in the reverse, or recip- 
rocal manner, that is, with the wild type strain functioning as a protoperi- 
thecial parent, then all progeny are normal in growth rate. 

During the course of the work on inheritance it was observed that my- 
celial pads from poky were characterized by a red color reminiscent of that 
of the heme pigments. Examinations of suspensions and extracts of the 
mold with a spectroscope yielded the information that poky mycelium con- 
tains large quantities of a substance having the absorption spectrum char- 
acteristic of cytochrome c, whereas the bands corresponding to cytochromes 
a and b were not visible. All three of these components were detected 
easily in the wild type strain. The experimental results presented here 
provide more precise information on the similarities and differences be- 
tween these two strains with respect to the cytochrome and the succinic 
acid oxidase systems. Preliminary observations suggested that poky in 
Neurospora is analogous to petite in yeast (2) in which abnormalities in the 
succinic acid oxidase system have been reported, but this analogy is shown 
here to be only a partial one. 


EXPERIMENTAL 


Strains and Culture Methods—The origin of the poky strains has been 
described previously (1). Most of the enzyme preparations were made 
from po-1803-4A (1) or from a standard wild type P1347-2a. 

Both strains were cultured at 25° in minimal medium (3) contained in 


* This work was supported by funds from the Williams-Waterman Fund for the 
Combat of Dietary Diseases, the Rockefeller Foundation, and by funds from the 
Atomic Energy Commission administered through contract with the Office of Naval 
Research, United States Navy, contract No. N-6-onr-244, Task Order 5. 

t Gosney Postdoctoral Fellow. 
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2.5 or 5 gallon Pyrex bottles. In addition to inlet and outlet tubes for 
aeration, each bottle was equipped with a siphon tube to permit sterile 
sampling at various time intervals. A portion of mold from the last sam- 
ple taken from each bottle of poky was subcultured on an agar slant and 
tested to make certain that reversion or contamination had not occurred. 
Yields of mold produced in given intervals of time are shown in Table II. 

Cytochromes a, b, and c—With a Zeiss low dispersion spectroscope ex- 
aminations were made of a high intensity light transmitted through stand- 
ard quantities of thick suspensions of mycelium and cell-free preparations 
(described below). Sodium hydrosulfite or succinate was used as a reduc- 
ing agent. Under these conditions wild type mycelium showed typical 
absorption bands corresponding to cytochromes a, b, and c, as seen, for 
example, in a preparation from heart muscle (4). Mycelium from poky 
at 3 or 4 days showed a very strong band at 550 my (cytochrome c), but 
at room temperature the a-bands of cytochromes a and b were not visible. 
However, when mycelium or cell-free preparations from a 3 day-old poky 
culture were suspended in 50 per cent glycerol and observed after freezing 
in liquid nitrogen (5), the cytochrome a and b bands were discernible. 
It was estimated that these components were present in less than 2 per 
cent of the normal concentrations. 

More detailed observations were made on the cytochrome ¢ content of 
wild type and poky mycelium. For this purpose samples of mold of differ- 
ent ages were dried in vacuo over P.O; at 40°. Samples (5 to 30 mg.) of 
the finely powdered product were suspended in 0.2 ml. of dilute buffer 
contained in 8 X 15 mm. vials. All samples were reduced by addition of 
sodium hydrosulfite. A series of standard solutions containing cytochrome 
c (Sigma) in the range of 30 to 200 y was prepared. By means of direct 
spectroscopic comparisons of the solutions and suspensions, and of mixtures 
of these, relative intensities of absorption bands were estimated visually. 
Calculated cytochrome c concentrations are given in Table I. Compara- 
tive values are obviously more significant than the absolute concentrations. 
The above method was utilized in preference to the more common acidic 
extraction procedure, since the latter gave very low yields of cytochrome 
c with this material. Subsequently, it was found that good extractions 
(approximately 70 per cent based on the direct spectroscopic method de- 
scribed above) could be obtained by treating the ground mold with half 
saturated (NH4).SO, at pH 7.5. 

In order to confirm the conclusion that an alteration of the cytochrome 
system is associated with the cytoplasmically inherited poky character, 
strains derived from each spore pair of poky and not poky asci were exam- 
ined. The asci used were po-1720, po-1803, and po-1852 (all poky strains), 
from crosses in which the “maternal” parent was poky and the fertilizing 
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parent wild type, and 1723 and 1849 (all not poky strains) from the recip- 
rocal crosses (1). All strains from the poky asci were deficient in cyto- 
chromes a and 6 and all had a great excess of cytochrome ce. All strains 
from the not poky asci were, on the other hand, normal with respect to 
cytochromes. 

Enzyme Preparations Samples of mold were washed four times in 20 
parts of distilled water. After filtration with suction, the moist pads were 
chilled at O° and then mixed with 0.5 part of sand contained in a cold 
mortar. After addition of 2.5 parts of cold buffer (0.05 m phosphate, pH 
7.0, supplemented with 75 gm. of mannitol per liter) the mixture was 
ground vigorously for 5 minutes. The resulting slurry was then diluted 
with cold buffer to give a total of 5 parts of buffer to 1 part of moist myce- 


TABLE I 
Cytochrome cin Wild Type and Poky Strains of Neurospora 


Cytochrome c, estimated per cent of dry weight of mold 


Age of culture 


Poky Wild type 
1 | 0.15 
2 3.0 0.20 
3 1.6 0.18 
4 1.2 0.18 
6 0.7 ().22 
0.5 


= 


lium. After a thorough mixing, cell débris and sand were removed by 
centrifugation at 40 * g (bottom of tube) for 10 minutes in a model L 
Spinco refrigerated centrifuge. Residues were discarded, and the cell-free 
supernatant suspensions were again centrifuged. In most experiments a 
force of 60,000 * g was applied for 40 minutes at this stage of preparation, 
although it was observed that most of the particles that carry the succinic 
acid oxidase system were sedimented at forces of less than 6000 XK g.  Par- 
ticle fractions obtained in this fashion were suspended in buffer, centri- 
fuged, and resuspended in the original volume for use in the determination 
of enzyme activities. Aliquots were removed and treated with trichloro- 
acetic acid to precipitate the proteins and nitrogen was determined by 
nesslerization after digestion of the precipitates with H.SO,; and H2Os. 
The results are given in Table II. Satisfactory preparations were also 
obtained by use of phosphate buffer without mannitol, but it was found 
to be essential that buffer be added to the moist mold before grinding. 
When this was not done, a part of the succinic acid dehydrogenase activ- 
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ity was found in the non-sedimented fraction. All of the supernatant 
solutions from the particle preparations that were used in the experiments 
described here were tested and found to be practically devoid of succinic 
acid oxidase, cytochrome oxidase, and succinic acid dehydrogenase activi- 


Taste Il 
Comparisons of Succinic Acid Oxidase, Cytochrome Oxidase, and Succinic Acid 
Dehydrogenase Activities of Particle Preparations from Wild Type and Poky 
Strains of Neurospora 
The data on growth rates and protein nitrogen of the preparations are included. 


| | Qoz (N) values (ul. O: per mg. N per hr.) 


of  _Weightof Protein N of 
(dry) suspension Succinic acid Cytochrome Succinic acid 


oxidase oxidase dehydrogenase’ 


Wild type P1347-2a 


gm. perl. | meg. per mil. | 
1 0.27 0.096 350 1580 16 
it 1.4 | 0.23 223 445 17 
3 2.8 «0.38 131 390 22 
3t 3.6 0.32 176 389 35 
6 3.3 0.35 251 362 33 
7t 4.0 0. 232 451 34 
poky 1803-44 

3 0.14 0.53 Ot Ot 39 
3t 0.34 0.32 23 40 39 
4 0.66 0.35 Ot q 30 
5 1.3 0.42 160 116 27 
6 1.4 «0.30 276 168 18 
7 | +a8 | 0.36 218 195 35 
9 0.35 


227 165 33 


* Methylene blue calculated as microliters of Oy». 
t Mold grown from a very heavy inoculum. 
t No activity detected <5 ul. 


ties. It should be noted, however, that while all the particle preparations 
from poky were much more highly colored than those from wild type, the 
supernatant solutions from poky were also pink due to dissolved cyto- 
chrome c. It is not known whether this is an artifact due to the prepara- 
tive method or a characteristic of poky. 

Determinations of Enzyme Activities—Relative rates of reactions were 
determined for succinic acid oxidase, cytochrome oxidase, and succinic acid 
dehydrogenase with the particle preparations described above. The reac- 
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tions were carried out at 35° with all reagents dissolved in phosphate- 
mannitol buffer. Appropriate controls were set up in each experiment, 
but only the corrected data are shown here. 

Succinic acid oxidase and cytochrome oxidase activities were determined 
manometrically. In the former case the Warburg vessels with the com- 
plete system contained 2.4 ml. of enzyme preparation and 0.4 ml. of 4 < 
10-* m cytochrome c (Sigma). Side arms contained 0.2 ml. of sodium 
succinate (15 mg. per ml.) and the center wells 0.1 ml. of 4 N KOH ona 
1 inch square of filter paper. For determinations of cytochrome oxidase 
activities the vessels with the complete system contained 2.0 ml. of en- 
zyme, 0.4 ml. of buffer, and 0.3 ml. of 4 K 10- m cytochrome ec (Sigma). 
Side arms contained 0.3 ml. of 0.25 m ascorbate and the center wells KOH 
as above. 

Succinic acid dehydrogenase activity was determined by the Thunberg 
method. Rates of decolorization of methylene blue were followed by use 
of a Klett colorimeter. Tubes with the complete system contained 7.5 
mg. of sodium succinate and 0.05 mg. of methylene blue in 5.5 ml. of 
buffer and the side arms contained 0.5 ml. of enzyme preparation. Initial 
rates of reaction were determined directly from colorimeter readings taken 
at 5 minute intervals. 

Data obtained from these experiments, corrected for blanks, are sum- 
marized in Table II. Several significant points can be observed from the 
following results: (1) The growth characteristics of poky, relative to wild 
type, in submerged, aerated cultures are comparable to those shown previ- 
ously (1) with standing cultures. The availability of oxygen does not 
appear to be an important factor in the determination of the growth char- 
acteristics of poky. (2) Succinic acid oxidase and cytochrome oxidase 
activities are very low during early stages of growth of poky. The former 
activity reaches a normal level in 6 day-old cultures, but the latter does 
not reach much more than half the normal value. These results are in 
accord with the spectroscopic observations on the cytochromes as reported 
above. (3) The level of succinic acid dehydrogenase activity in poky is 
normal or above normal in all preparations tested. This observation is 
somewhat surprising if it is assumed that succinic acid oxidase is identical 
with cytochrome 6, since spectroscopic observations showed that young 
poky cultures contain only very small amounts of 6. 

The results reported in Table II for succinic acid oxidase activity were 
made in the presence of added cytochrome c (6). In all cases but one, 
activities found without this addition were at least two-thirds as high as 
the values given. The one exception was the preparation from the first 
wild type culture (Table II). Here the succinic acid oxidase activity was 
vnly one-tenth of that given in Table II when cytochrome c was omitted 
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from the reaction mixture. Wild type mycelium from this | day-old cul- 
ture did not show spectroscopic abnormalities and it seems likely that the 
difference in this material is due to difficulties in “extraction”’ of particles, 
since the mold at this age is slimy and very difficult to grind properly. 

‘““Cytochromase”’—During the investigations on the succinic acid oxidase 
systems described above, it was noted that the reaction mixture, in vessels 
containing cytochrome c, succinate, and particle preparations from 3 or 
4 day-old poky cultures, changed in color from red to green. The rate of 
this change was found to decrease with an increase in age of the mold. 
No change was observed with 6 day-old material. Examination of the 
absorption spectrum of the reaction mixture yielded the information that 
the cytochrome c originally present had been converted to a substance 
with a spectrum resembling that of biliverdin. The reaction requires oxy- 
gen, but oxidized cytochrome c¢ is not acted upon. Suecinate was found 
to be by far the most satisfactory substrate for providing reduced cyto- 
chrome in the system, but ascorbate and malate had significant effects. 
Glutathione, isocitrate, and 6-phosphogluconate were not effective. When 
coupled to succinate the reaction was inhibited completely by malonate 
(0.01 mM), partially by cyanide (0.001 mM), but not appreciably by azide 
(0.001 mM) or arsenate (0.001 mM). The supernatant solution from the high 
speed centrifugation showed a strong inhibitory action on the system, a 
fact that perhaps accounts for the simultaneous presence in the mold of a 
high concentration of cytochrome c and an enzyme system that destroys 
this substance. Efforts to demonstrate the existence of the cytochrome- 
destroying system in preparations from wild type were unsuccessful. In 
the presence of succinate and azide (to inhibit cytochrome oxidase) added 
cytochrome c was reduced but it was not converted to the green pigment. 

Particle preparations from poky and wild type were mixed in the presence 
of succinate and azide (0.001 m) (35°) and samples were removed at inter- 
vals and reduced with hydrosulfite. Examination of these samples with 
the spectroscope showed that the absorption bands of cytochromes a, b, 
and ¢ all disappeared within 30 minutes. On the other hand, the polky 
preparation did not act on hemoglobin, heme, or catalase. 

DISCUSSION 

Fig. 1 gives a generalized summary of the changes that occur with time 
in the succinic acid oxidase system of poky. Values are plotted relative to 
those of wild type. The wild type system is not completely unchanging 
with time in the normal strain, as can be noted in Tables I and II, but the 
variations are relatively minor as compared to those of poky. Values for 
““cytochromase” activity are not included in Fig. 1, since this system has 
not been detected in the wild type strain. As noted previously, the sys- 
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tem is very active in poky preparations from 3 or 4 day-old cultures but 
no activity was observed in 6 day-old material. This result is in keeping 
with the data summarized in Fig. 1 which show that with increasing age 
poky becomes more like wild type. It should be noted, however, that 
poky never becomes entirely normal and that the observed changes in 
enzyme patterns are repeated through successive transfers. 
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bic. 1. Diagram showing relative growth (G@), cytochrome ¢ content (C), succinic 
dehydrogenase activity GSD), suceinie acid oxidase activity (SO), and cytochrome 
oxidase activity (CO) of poky as compared to wild type. The latter is represented by 
the horizontal dotted line at the level of 100 per cent. 


Young poky cultures are similar to the petite strains of yeast described 
by Slonimski and Ephrussi (7) in that both are deficient in succinic acid 
oxidase and cytochrome oxidase activities. Both possess abnormally high 
concentrations of cytochrome c, but this accumulation appears to be much 
more extreme in poky. <A striking difference between the yeast and the 
mold strains is that poy has a normal level of succinic acid dehydrogenase 
activity, whereas petite is reported to be deficient in this enzyme. 

The experiments on poky described here have raised one other question 
of considerable interest. The data presented show that as the concentra- 
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tion of cytochrome b changes some 50-fold or more, starting at a very low 
level, there is no significant change in the activity of succinic acid dehy- 
drogenase. These results seem to be in agreement with those of Tsou (8) 
and Chance (9) which indicate that cytochrome 6 and succinic acid dehy- 
drogenase are not identical. Such a conclusion is not entirely justified on 
the basis of the present data, since even the youngest poky cultures ob- 
served contained traces of cytochrome b. However, by use of the ‘“cyto- 
chromase”’ system which destroys b it should be possible to obtain further 
supplementary information. Preliminary results are in accord with the 
tentative conclusion stated above. 


SUMMARY 


The succinic acid oxidase system of a strain of Neurospora crassa which 
carries the cytoplasmically inherited slow growth character, poky, has been 
shown to differ markedly from that of the wild type mold. 

1. The poky strain accumulates large amounts of cytochrome c. 

2. Young poky is deficient in cytochromes a and b, and thus in succinic 
acid oxidase and cytochrome oxidase activities. 

3. With increasing age of poky cultures an extreme change in the com- 
position of the cytochrome system occurs. 

4. Young poky cultures contain a system which destroys the cyto- 
chromes. This system has not been detected in wild type strains. 

5. Suecinic acid dehydrogenase activity in particle preparation from 
poky appears to be independent of the concentration of cytochrome b. 
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Since citrovorum factor (CF) (1) has been shown to exist bound in micro- 
biologically inactive form, autolysis or digestion of natural materials is 
required in order to effect the liberation of the CF activity (2-7). Asa 
part of the problem of isolating CF from horse liver, an extended study 
was made of the factors influencing the yields of the active substance ob- 
tained upon autolysis of this tissue. Such a detailed study appeared es- 
pecially important, since in the preliminary trials minor changes in the 
autolytic conditions significantly altered the yields of CF activity. Cer- 
tain critical factors which greatly influenced the yield of CF activity were 
found. These have been incorporated into a method which has now been 
applied to a variety of livers and other materials. 

Synthetic materials such as folinie acid (SF) and Leucovorin have been 
used as reference standards in Leuconostoc citrovorum assays (4-9). The 
results obtained, however, must be reconsidered in view of the non-identity 
of these substances with natural CF (10). 


EXPERIMENTAL 


Assay methods were those previously reported (11). Crystalline cal- 
cium CF,! isolated from horse liver, was used as a reference standard in 
the measurement of both CF and Streptococcus faecalis R (SFR) activities. 
On a weight basis, this compound is equivalent to folic acid (PGA) in 
growth activity for SFR. Throughout this report, both CF and SFR 
activities are expressed in terms of micrograms of the calcium CF per gm. 
of fresh material. 
| Animal tissues from local sources in fresh or frozen form were ground 
three times in a small meat grinder and stored at —15°. Plant materials 
were ground and directly analyzed. The frozen ground material was first 
thawed at room temperature. 5 gm. portions were weighed into 25 & 150 
mm. Pyrex tubes, mixed thoroughly with 5 ml. of buffer, and incubated 
under toluene. After incubation, 10 ml. of distilled water were added to 

* Visiting Scientist. 

‘This calcium CF has been reported to be twice as potent microbiologically as 
synthetic Leucovorin (10). 
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each tube and the pH of the autolysates was then adjusted to 7.0 to 7.2 
with 1 N NaOH. The samples were then heated for 15 minutes in flowing 
steam, diluted, filtered, and assayed. 

Acetate buffers were used for pH values of 4.0 to 5.0 and phosphate 
buffers for pH values of 6.0 to 8.0. 


Results 


Factors Affecting Liberation of CF and SFR Activities from Horse Liver — 
A yield of 21 y of CF activity per gm. of horse liver could be obtained in 
16 hours at 45° or 50°, or 48 hours at 37°, in 5 per cent NasHPO,-12H.0. 


TABLE 
Production of CF Activity from Horse Liver in Shallow and Deep Suspensions 


Depth CF activity 
mm. 

30 Air | 17.2 
30 ‘** + ascorbic acid | 19.3 

4 ” | 4.6 

4 + ascorbic acid | 14.9 

4 N2 6.5 

4 ** + ascorbic acid | 13.3 

4 5% CO, in Ne | 11.6 

4 5% + ascorbic acid | 15.0 


CF activities are expressed in micrograms of calcium CF per gm. of fresh tissue. 
Suspension, 5 gm. of tissue plus 5 ml. of 5 per cent NasHPO,-12H.O. Ascorbic acid, 
30 mg. per gm. of liver (neutralized to pH 7.0). Incubation time, 23 hours; tempera- 
ture, 45°. 


No destruction of CF activity by prolonged incubation at the three tem- 
peratures was observed. If the tissue concentrations were lowered to 1.5 
gm. or less in 5 ml. of buffer, the CF’ yields were reduced considerably. 
The liberation of SFR activity appears to be less sensitive to variation in 
tissue concentrations. The highest yields of both CF and SFR activities 
were obtained when the initial pH of the autolytic mixtures was in the 
region of 6.5 to 7.2, with 0.25 m phosphate buffer or suitable concentration 
of disodium phosphate. The pH values fell to the region of 5.0 to 6.0 at 
the end of the incubation period. 

Reduction in the depth of autolytic layer from 30 to 4 mm. reduced the 
CF activity to only about 25 per cent of that obtained at the greater depth. 
The beneficial effects of ascorbic acid and CO. on the production of CF 
activity in a shallow layer are shown in Table I. Nitrogen seemed to be 
without influence. Cysteine hydrochloride in amounts up to 10 per cent 
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by weight of fresh tissue and sodium thioglycolate in amounts up to 1 per 
cent by weight of tissue had little or no influence on the production of CF 
activity. In the early stages of autolysis, SFR activity appeared at a 
more rapid rate, although SFR and CF activities were equivalent at the 
end of the incubation period (Table IT). 

Availability of CF and SFR Activities in Natural Materials—Various 
natural materials were assayed for their CF and SFR activities by slight 
modifications of the method which yielded the highest values for horse 
liver. The modifications are indicated in the text or in Table III. In 
general, 1 pound or more of each fresh material was collected for this 
study and 5 gm. duplicate samples were analyzed. Livers of twenty rats 
were pooled, and only one rabbit liver was examined. The Sprague- 


TaBLeE II 
Influence of Time on Production of CF and SFR Activities from Horse Liver 


Incubation time SFR activity | CF activity | SFR to CF ratio 
hrs. | 
0 1.9 | 0.5 | 3.8 
+ 9.1 | 4.6 | 2.0 
Ss 11.1 8.3 | 1.3 
12 21.2 19.2 | 1.1 
16 26.6 25.9 1.0 
20 27.3 27.1 1.0 


SFR and CF activities are expressed in micrograms of calcium CF per gm. of 
fresh tissue. Suspension, 5 gm. of tissue plus 5 ml. of 5 per cent Na,HPQO,-12H.O; 
temperature, 45°. 


Dawley strain rats weighing around 190 gm. each, and a white rabbit 
weighing 3 kilos, had been fed on Purina dog chow. 

Digestion of the samples with Taka-Diastase or trypsin did not increase 
the free CF content. Tissues were, therefore, directly autolyzed in buffer 
at various pH values. Three concentrations of buffer, 0.1, 0.25, and 0.5 
M, were employed, but only the highest CF and SFR values are shown in 
Table III. Autolyses in water were also included. Extraction of 5 gm. 
samples with 20 ml. of distilled water in flowing steam for 15 minutes was 
used to obtain free CF and SFR activities in fresh material. Autolyses 
were all carried out for 20 to 24 hours at 45° in suspensions containing 5 
gm. of tissue and 5 ml. of buffer or water. 

As Table III indicates, the free CF and SFR activities represent only a 
very small portion of the CF and SFR activities in fresh livers. The bulk 
of the two activities can be made available by autolysis. With 0.5 m 
buffers at pH values of 6.0 to 8.0, much more SFR activity than CF ac- 
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tivity was usually released. Although the tissue was the same, it appears 
that no single buffer will permit maximum yields from livers of different 
species. Instead, both the pH and concentration of buffer must be deter- 
mined for each sample. 

Of the liver samples examined, those of the horse seem to be the richest 
source of CF. Yields in the order of 20 y per gm. of wet tissue were ob- 


TaBLeE III 
Availability of CF and SFR Activities in Animal Livers 
| y per gm. y per gm y per gm. M 
Horse | CF 0.1 2.5 20.1 7.0 0.25 
SFR 0.3 2.5 22.8 7.0 0.25 
Hog _ CF 0.1 11.0 14.3 8.0 0.1 
_ SFR 0.4 11.0 16.4 8.0 0.1 
Beef | CF 0.2 1.4 14.5 8.0 0.25 
SFR 0.4 1.4 14.5 8.0 0.25 
Calf CF 0.1 0.9 9.4 8.0 0.25 
SFR 9.3 8.0 0.25 
Lamb CF 0.2 4.2 7.0 6.0 0.25 
SFR 0.6 4.7 7.0 6.0 0.25 
Rabbit CF 0.1 9.9 14.6 6.0 0.25 
SFR 15.1 6.0 0.25 
Rat CF 0.2 9.2 13.8 8.0 0.25 
SFR 0.7 12.4 15.5 8.0 0.25 
Chicken CF 0.2 See ee, 8.0 0.25 
SFR 0.5 ‘ss | 9.6 8.0 0.25 
Duck CF 0.3 = 2.7 7.0 0.25 
SFR 0.6 3.1 7.0 0.25 
SFR | 8.0 0.25 


fae) 


The CF and SFR concentrations are expressed in micrograms of calcium C 
gm. of fresh tissue. Incubation time, 20 to 24 hours; temperature, 45°. 


tained generally. The lower values found for the livers of other animals 
may be due to species or dietary differences. 

By essentially the same procedure, values have been obtained for the 
CF and SFR activities of beef and hog kidney, kale, and spinach. The 
kidneys of each species had an apparent CF content of 0.4 y per gm. and 
somewhat lower SFR activities. These lower SFR activities may be due 
to a substance or substances present in the autolyzed kidney which is in- 
hibitory to the growth of SFR. Although spinach samples examined con- 
tained about 1.3 y of each activity per gm., the kale specimens examined 
contained about 0.5 y of CF and about 1.3 y of SFR activity per gm. of 
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fresh sample. Although these represent the highest values obtained under 
the test conditions, there is as yet no assurance that the figures reported 
for the kidneys and greens represent maximum values. The highest values 
for the above samples were obtained when the initial pH of the autolytic 
mixtures was 4.5 for kidney and kale and 6.0 for spinach. 

Comparison of Procedure Employed by Dietrich et Al. with Present Proce- 
dure—In a comparison of the procedure of Dietrich et al. (6) with the 
present method, duplicate samples were prepared and autolyzed by each 
of the methods and then assayed for CF and SFR activities. In the pres- 
ent procedure, 5 gm. portions of the liver sample were autolyzed in 5 ml. 
of 5 per cent NasHPO,-12H.O and 5 gm. portions of the beef kidney 


TABLE IV 
Comparison of CF and SFR Activities Obtained by Method of Dietrich et al. and Present 
Procedure 
Method of Dietrich e¢ al. (6) 
Tissue 
pH 4.5 pH 5.0 pH 6.0 pH 7.0 pH 8.0 
Rat liver CF 0.19 0.15 0.27 0.55 0.17 9.96 
SFR 0.41 0.35 0.43 1.09 1.93 11.64 
Chicken liver CF 0.75 0.68 0.72 0.80 0.10 — 8.24 
SFR 1.88 1.68 1.42 1.40 1.62 | 8.70 
Beef kidney CF 0.08 | 0.08 0.06 | 0.09 0.09 | 0.35 
SFR 0.23 0.26 0.21 0.33 


CF and SFR activities are expressed in micrograms of calcium CF per gm. of 
fresh tissue. 


sample were autolyzed in 0.25 m acetate buffer of pH 4.0. The incubation 
was carried out at 45°. In the procedure of Dietrich et al., the tissue to 
buffer ratio is 1:50 and the incubation is 37°. The incubation period in 
both cases was 22 hours. The data of Table IV show the great disparity 
between the results of the two methods on the maximum production of CF 
and SFR activities. When 5 gm. portions of the chicken liver were auto- 
lyzed in 5 ml. of MclIlvaine’s buffers at pH 4.5, 6.0, and 8.0 for 22 hours 
at 45°, high CF and SFR values similar to those found by the present 
method were obtained, suggesting that the tissue concentration employed 
by Dietrich et al. is too low. 


DISCUSSION 


The results obtained in the present investigation indicate that several 
factors are involved in obtaining high CF yields from liver. These factors 
are (1) the concentration of tissue and buffer, (2) the pH of autolysis, (3) 
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the depth of autolytic mixture, and (4) the temperature during the incuba- 
tion period. It would appear that the optimum conditions for the opera- 
tion of each of these factors must be established for the analysis of each 
tissue. 

The favorable action of ascorbic acid has been demonstrated in the 
chemical synthesis of folinic acid from folic acid (PGA) (12). Conversion 
of CF from PGA has been observed in rat liver slices (13, 14) and in rat 
liver homogenates (9) in the presence of ascorbic acid. Hill and Scott (4) 
recently suggested that ascorbic acid activates the CF-liberating enzyme 
present in chick liver homogenates. Woods (15) has reported that. citro- 
vorum factor replaced CO.z and p-aminobenzoic acid in the growth of Leu- 
conostoc mesenteroides. The beneficial effects of ascorbic acid and COs and 
the ineffectiveness of nitrogen in producing high CF yields in liver autol- 
ysates suggest that the former two substances play a réle other than the 
simple production of anaerobiosis. 

The fact that the appearance of SFR activity precedes the appearance 
of CF activity suggests that the latter is a conversion product of the for- 
mer. The view is supported by the observation? that extracts of liver 
high in SFR activity and low in CF activity, upon treatment with fresh 
horse liver, show marked increases in CF. It was also noted that at opti- 
mum buffer concentrations the production of CF activity is equivalent to 
that of SFR activity, but, by increasing the buffer concentration to greater 
than the optimum, the production of CF activity falls off, leaving the SFR 
activity still at the maximum. These observations would indicate that 
CF is a metabolic product of the SFR-active substance or substances. 
What this CF precursor is remains to be established. 


SUMMARY 


1. Some of the factors which are significant in developing a method for 
obtaining high yields of Leuconostoc citrovorum (CF) activity from natural 
materials are described. 

2. Low tissue concentration was found to be detrimental to the maxi- 
mum production of CF activity as well as to the maximum production of 
Streptococcus faecalis R (SFR) activiiy. 

3. Very little free CF activity was found to occur in fresh natural ma- 
terials. 

4. The data indicate that under optimum conditions SFR activity of 
autolyzed materials could be accounted for entirely by CF activity. 

5. Increased production of CF activity in shallow buffered suspensions 
of horse liver was obtained by autolysis in atmospheres of 5 per cent CO» 


2 Personal communication from Dr. M, Silverman and Dr. J. C. Keresztesy. 
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in Ne or by the addition of ascorbic acid to the sample. Nz alone was 
ineffective. 


6. The results of rate experiments suggest that the SFR-active sub- 


stance or substances are the precursors of CF activity. 


The author wishes to express his gratitude to Dr. J. C. Keresztesy and 


Dr. M. Silverman for their valuable suggestions and encouragement given 
during the course of this investigation and also wishes to thank Mrs. M. 
Romine and Miss R. Gardiner for their kind assistance in microbiological 
assays. 


BIBLIOGRAPHY 


. Sauberlich, H. E., and Baumann, C. A., J. Biol. Chem., 176, 165 (1948). 

. Chang, 8. C., Silverman, M., and Keresztesy, J. C., J. Bact., 62, 753 (1951). 

. Winsten, W. A., and Eigen, E., J. Biol. Chem., 184, 155 (1950). 

. Hill, C. H., and Scott, M. L., J. Biol. Chem., 196, 195 (1952). 

. Schwarz, K., Federation Proc., 10, 394 (1951). 

. Dietrich, L. 8., Monson, W. J., Gwoh, H., and Elvehjem, C. A., J. Biol. Chem.., 


194, 549 (1952). 


. Sauberlich, H. E., J. Biol. Chem., 195, 337 (1952). 
. Swendseid, M. E., Bethell, F. H., and Bird, O. D., Cancer Res., 11, 864 (1951). 
. Broquist, H. P., Stokstad, E. L. R., and Jukes, T. H., J. Lab. and Clin. Med., 38, 


95 (1951). 


. Keresztesy, J. C., and Silverman, M., J. Am. Chem. Soc., 73, 5510 (1951). 
. Keresztesy, J. C., and Silverman, M., J. Biol. Chem., 183, 473 (1950). 
. Shive, W., Bardos, T. J., Bond, T. J., and Rogers, L. L., J. Am. Chem. Soc., 72, 


2817 (1950). 


. Nichol, C. A., and Welch, A. D., Proc. Soc. Exp. Biol. and Med., 74, 52 (1950). 
. Dietrich, L. 8., Monson, W. J., and Elvehjem, C. A., Proc. Soc. Exp. Biol. and 


Med., TT, 93 (1951). 


. Woods, D. D., Abstracts, American Chemical Society, 120th meeting, 1A (1951). 


‘ 
t 
) 
- 
] 
2 
> 3 
4 
5 
6 
7 
8 
10 
ll 
| 12 
14 
| 


‘ 
| 
| 
{ 
| 
( 
] 
XUM 


CYCLOHEXYLAMMONIUM FRUCTOSE-1 ,6-DIPHOSPHATES* 


By R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, August 21, 1952) 


The type preparation of fructose-1 ,6-diphosphate has been the barium 
salt prepared via the strychnine salt (1). In more common usage, the 
impure dibarium salt from commercial sources has been precipitated as 
the acid barium salt (2). During an investigation of fructose-1 ,6-diphos- 
phatase in this laboratory it became apparent that the second procedure 
is not adequate to rid the preparation of other organic phosphates. At- 
tempts to make the crystalline strychnine salt from these impure products 
failed. In view of the success of Friedkin (3) in using the cyclohexyla- 
mine salt for the characterization of desoxyribose-l-phosphate, as sug- 
gested by Clark, his methods were applied to the preparation. 


EXPERIMENTAL 


Dibasic Barium Fructose-1 ,6-diphosphate—The starting material was a 
brownish commercial tetrabasic barium salt (Bischoff), selected for its low 
cost and relatively low inorganic phosphate content. It was purified 
through the acid barium salt in a modification of the method of Neuberg, 
Lustig, and Rothenberg (2). If one follows their method exactly, it has 
been the experience in this laboratory, with several different source mate- 
rials, that the yield is poor if the quality of the product is good. This is 
remedied by fixing the pH during the procedure, which was conducted with 
50 to 500 gm. of material as follows: The impure dibarium salt is dissolved 
in 4.5 equivalents of 2 N perchloric acid per mole of salt. 45 gm. of Norit 
per mole are added, and the mixture is filtered. 2.25 equivalents of 0.5 
M barium hydroxide in methanol per mole are added to the filtrate with 
stirring. Alternatively, solid barium carbonate is added until the pH rises 
to 1.5 to 2.0. The solution is poured into 4 volumes of cold ethanol with 
stirring. The precipitate, collected by filtration and washed with ethanol 
and anhydrous ether, is dried in vacuo. The dry solid is dissolved in 3.5 
parts of water with the addition of sufficient 2 N perchloric acid to lower 
the pH to 1.5 to 2.0. Any slight insoluble residue is discarded. The 
ethanol precipitation is repeated as above, with a preliminary Norit treat- 
ment if any color remains in the clear solution. Yield, 75 per cent, based 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service. 


835 


836 FRUCTOSE-1! ,6-DIPHOSPHATES 


on the organic phosphorus of the starting material. This yield is remark- 
ably constant in successive preparations. 

Cyclohexylammonium Fructose-1 ,6-diphosphate—When Friedkin’s proce- 
dure (3) is applied, the resultant product is the tetracyclohexylammonium 
salt with butanol of crystallization which apparently stabilizes the salt to 
dissociation. In aqueous methanol or ethanol, the tribasic salt crystal- 
lizes instead. The dibasic barium salt prepared as above is dissolved in 
3.5 parts of water with sufficient 12 Nn HCl (not perchloric acid) to lower 
the pH to 1.5 to 2.0. To the clear, colorless solution is added 1 mole of 
cyclohexylammonium sulfate (prepared according to Friedkin and recrys- 
tallized from water-ethanol-acetone as large thin plates) dissolved in 4 
times its weight of water. The barium sulfate is removed by centrifuga- 
tion. Sufficient pure cyclohexylamine is added to the solution, drop by 
drop with stirring, to raise the pH to 9. The solution is poured into 15 
volumes of n-butanol with stirring. Any insoluble material is discarded. 
Anhydrous ether is added to a strong turbidity, and crystallization is al- 
lowed to proceed overnight. The copious mass of small rods is collected 
by filtration and washed with anhydrous ether. The washings are used to 
test the mother liquor for complete precipitation. The solid is dried in 
vacuo and dissolved in 3 parts of water. The solution is again adjusted to 
pH 9 and the precipitation repeated. The solid must not be exposed to 
prolonged desiccation, which causes decomposition. If at any stage the 
aqueous solution is colored, Norit is used before reprecipitation. After four 
such precipitations, the yield is 60 to 70 per cent and the inorganic phos- 
phate (calculated as dicyclohexylammonium hydrogen phosphate) is below 
0.7 per cent. The product is a fluffy white powder without definite melting 
point and is readily soluble in water but not in anhydrous methanol or 
ethanol. Its solution has a slightly alkaline pH (near 8.0) and a pro- 
nounced odor of butanol, even after the solid is dried over alumina in low 
vacuum (0.5 mm.) for days. However, analytical data indicate partial 
decomposition under this treatment, probably with the loss of butanol and 
1 mole of cyclohexylamine. ‘This reversion to the tribasic salt makes it 
difficult to assign a formula to the less stable tetrabasic compound. A 
typical percentage analysis as reported by a commercial laboratory is C 
47.24, 47.29, H 9.08, 8.68, Dumas N 6.72, 6.98, P 7.80, 7.80, correspond- 
ing most closely to a formulation of -- 
2H.O (mol. wt. 810), for which the theoretical values would be C 47.4, H 
9.33, N 6.91, P 7.66. B. M. Pogell found in this laboratory (to be pub- 
lished) that fructose-1 ,6-diphosphatase cleaved 95 per cent of the theoreti- 
cal 1 organic phosphate from the acid barium salt, whereas it cleaved 100 
per cent from the cyclohexylammonium salt. 

The use of U. 8S. P. ether in a large scale preparation led to a product 
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with low analytical values, owing apparently to extensive dissociation to 
the tribasic salt. 

Tricyclohexylammonium Hydrogen Fructose-1 ,6-diphosphate—This com- 
pound may be prepared from the tetrabasic salt by simple reprecipitation 
from aqueous methanol with ethyl acetate, but more quantitative yields 
are obtained by initial acidification. The tetrabasic salt is dissolved in 
40 ml. of 90 per cent methanol per gm. of salt and 0.9 equivalent of 12 N 
HCl is added per mole. Ethyl acetate is added to a moderate turbidity 
and the solution is chilled. After crystallization, the crystals are collected, 
washed with ethyl] acetate, and dried in vacuo. The washings are added 
to the mother liquor to a further turbidity and the process is repeated until 
no further crystallization occurs. The combined crops are then recrystal- 
lized in the same fashion to remove traces of cyclohexylammonium chloride. 
Yield from the tetrabasic salt, 95 to 98 per cent. The rod-shaped crystals 
when heated at 2° per minute, starting at 155°, soften at 162° and gradually 
melt with decomposition from 163-166° (corrected). Commercial anal- 
ysis, C 43.7, 43.7, H 8.02, 8.05, Dumas N 6.50, 6.36. Analysis in this 
laboratory, P 9.40, 9.52, inorganic P 0.064, 0.065. Theoretical for 
He)3- (mol. wt. 655), C 44.0, H 8.46, N 6.41, P 
9.46. 

This salt is more stable than the tetrabasic compound and is the better 
form for storage and use because of its known composition, lower amine 
content, and absence of butanol. Its solution has a pH of 6 to 7. Re- 
crystallization of this compound, because of the solubilities of the probable 
contaminants in the starting material, especially inorganic phosphate, is 
not suitable for the purification of crude preparations, for which purpose 
the tetrabasic salt must be made. Either salt may be converted in aque- 
ous solution to the sodium or potassium form by adding a stoichiometric 
amount of the appropriate base in the presence of ether with brisk stirring. 

Other Cyclohexylammonium Compounds—Cyclohexylammonium chloride, 
dicyclohexylammonium hydrogen phosphate, and monocyclohexylammon- 
ium dihydrogen phosphate were prepared from ethanol mixtures of stoichio- 
metric amounts of the appropriate acid and amine. As an aid in develop- 
ing the preparative scheme, minimum solubilities at 25° were estimated in 
the following solvent mixtures: WB, a mixture of 1 volume of water and 15 
volumes of n-butanol; WBE, a mixture of 1 volume of water, 15 volumes 
of butanol, and 15 volumes of ether; 100 M, anhydrous methanol; 50 M, 
50 volumes per cent of methanol in ethyl acetate; 20 M, 20 volumes per 
cent of methanol in ethyl acetate. The molarity of a saturated solution 
is in excess of the following values for the chloride: WBE 0.25, 100 M 1.8, 
50 M 0.8, 20 M 0.14; for the dibasic phosphate, WB 0.002, 100 M 0.006, 
50 M 0.0002; and for the monobasic phosphate, WB >0.4, 100 M >0.4, 
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50 M 0.013. With the monobasic phosphate there is crystallization of a 
less soluble phase from the water-butanol, probably a butanolate. 

Crude tests indicate that the cyclohexylammonium glucose and fructose- 
6-phosphates are very soluble in anhydrous methanol. B. M. Pogell has 
found (to be published) the same to be true for the salt of fructose-1-phos- 
phate. | 


DISCUSSION 


The use of cyclohexylamine in preference to the alkaloids in the purifica- 
tion and characterization of organic phosphates appears to offer several 
advantages, in addition to the avoidance of a dangerously toxic reagent. 
Since this investigation was begun, B. M. Pogell has prepared the pure salt 
of fructose-1-phosphate and 8. Grisolia and P. P. Cohen have succeeded 
in purifying the active intermediate in citrulline synthesis by this method. 


SUMMARY 
The preparation of the tetrabasic and tribasic cyclohexylamine salts of 
fructose-1 ,6-diphosphate is described. 
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THE MODIFICATION OF CHOLINE DEFICIENCY BY 
SIMULTANEOUS PANTOTHENIC ACID 
DEFICIENCY 


By AGNES FAY MORGAN anp EUNICE M. LEWIS 


(From the Department of Home Economics, University of California, Berkeley, 
California) 


(Received for publication, August 28, 1952) 


It was found recently (1) that feeding a cholesterol-rich diet to panto- 
thenic acid-deficient rats did not result in the fatty livers and high levels of 
cholesterol in liver and serum seen in comparable animals maintained on a 
normal diet. Decrease in food intake appeared not to account for this 
phenomenon, since the food intake of the deficient group on a body weight 
basis was higher than that of the normal animals. Pair-fed normal and 
riboflavin-deficient, as well as pyridoxine-deficient, rats manifested the 
usual increases in total lipide and cholesterol content of the livers when 1 
per cent cholesterol was present in the diets. These findings appeared to 
indicate a specific relationship between pantothenic acid, perhaps as part 
of coenzyme A, and the fat metabolism. 

Since the diets used in these experiments are well supplied with lipotropic 
factors, the possible réle of choline in the prevention of cholesterol and fat 
deposition in the pantothenic acid-deficient rat was of interest. If the 
production and breakdown of acetylcholine, cholesterol, and fatty acids 
are adversely affected by lack of coenzyme A, the concentration of tissue 
choline might be different in the deficient and normal animals and the 
effects of this might be more easily observable if choline intake were re- 
stricted. Since choline deficiency has often been shown to produce fatty 
livers and hemorrhagic kidneys, the influence of pantothenic acid deficiency 


in preventing fat deposition might be expected to decrease the severity of 


the choline deficiency. However, the mechanisms of fatty liver production 
by dietary cholesterol and by choline deficiency may not be the same and 
the impact of pantothenic acid deficiency upon these two conditions! might 
therefore not be identical. The effects of simultaneous choline and panto- 
thenic acid deficiencies were therefore of interest. 


EXPERIMENTAL 


Young rats were made pantothenic acid-deficient in the manner previ- 
ously described (2). Three diets were used. Diet A contained vitamin- 
free casein 22, sucrose 65, fat! 9, and salts? 4 per cent. Diet B was made 

' Primex, a hydrogenated vegetable fat. 

? Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nutr., 14, 273 (1937). 
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up similarly except that the casein was reduced to 15 per cent and the 
sucrose increased in like amount. Diet C was similar to Diet B except 
that the fat was increased to 28 per cent and the sucrose decreased in the 
same amount. The normal groups were given crystalline vitamins to pro- 
vide per rat per day, in mg., the following: thiamine hydrochloride, ribo- 
flavin, folic acid, and pyridoxine hydrochloride, each 0.02, calcium panto- 
thenate and p-aminobenzoic acid, each 0.1, nicotinamide 0.066, biotin 0.002, 
inositol 2.5, and choline 5.0. The pantothenate and choline were omitted 
separately or together for the respective deficient groups. Vitamin A, 
vitamin D, and tocopherols were supplied separately to provide per rat 
per day 100 i.u., 10 i.u., and 1 mg., respectively. The animals were kept 
on the experimental diets usually for 5 weeks after they were grouped, at 
which time they were anesthetized with sodium Amytal and sacrificed. 

The whole liver was removed, weighed, minced, and dried in vacuo at 
60° for 96 hours. Fat was determined in the dried liver by continuous 
extraction with petroleum ether and weighing of the fatty residue after 
removal of the solvent. The adrenals were freed of fatty tissue, weighed, 
ground with cold absolute alcohol-acetone, and extracted by boiling, and 
the extract was made up to 10 ml. in volume. The cholesterol in these 
extracts was determined by the Schoenheimer-Sperry method (3). 


Results 


In the first experiment Diet A was used with four groups of fifteen to 
seventeen rats each, normal, choline-deficient, pantothenic acid- and choline- 
deficient, and pantothenic acid-deficient. The liver fat in per cent wet 
weight in these four groups was for the normal group 2.9 + 0.1, choline- 
deficient 3.2 + 0.2, doubly deficient 2.1 + 0.1, and pantothenic acid-defi- 
cient 2.0 + 0.1. Obviously the 22 per cent casein provided in the diet 
was sufficient to prevent fatty liver production in all cases. The liver fat 
of the pantothenic acid-deficient groups was, nevertheless, significantly less 
than that in the others. 

Diet B containing only 15 per cent casein was then adopted and the 
experiment repeated with four groups of sixteen to twenty-five rats each. 
The liver fat in per cent wet weight was found to be for the normal group 
3.8 + 0.3, choline-deficient 14.3 + 0.2, pantothenic acid- and choline-defi- 
cient 4.5 + 0.7, and pantothenic acid-deficient 2.4 + 0.1. The diets were 
fed ad libitum. 

An effort was made to maintain similar food intakes in the groups which 
were next used, but the intake in proportion to body weight was higher in 
both pantothenic acid-deficient groups than in the other two. Neverthe- 
less, as shown in Table I, there was significantly more fat in the livers of 
the normal and choline-deficient animals than in those of the doubly defi- 
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cient and pantothenic acid-deficient groups. The choline deficiency pro- 
duced a small but significant rise in liver fat over that of the normal groups. 
This diet was obviously only mildly lipogenic. The adrenal cholesterol 
was markedly lowered on both pantothenic acid-deficient diets but was not 
affected by the choline deficiency alone. The stress of partial inanition 
may account for the increased size of the glands and the unusually large 
concentration of cholesterol in the normal and choline-deficient animals. 
About one-third of the rats on the pantothenic acid-deficient diets had 
hemorrhagic adrenals, but all adrenals were normal in the other two groups. 

In the next experiment the more severe Diet C, containing 15 per cent 
casein and 28 per cent fat, was used with four more groups of rats. As 


TABLE | 


Effect of Restricted Intake of Moderately Lipogenic Diet* in 35 Days with and without 
Pantothenic Acid and Choline 


Food intake | Adrenals 
' No. | Bod | 
Diet of weight | Pp Liver fat Weight 
weight | | 
gm. gm. gm. pe — me. per cent 
6 4] 137 1.7 3.1 + 0.2 2 +1.0 
24 |116 1.7 | 4.6 + 0.6 32 5.7 + 0.6 
Choline- + pantothenic 
acid-deficient......... 10 | 24 131 1.9 | 2.6 + 0.4 27 1.7 + 0.4 
Pantothenic acid-defi- 
10 22 116 | 1.9 2.3 + 0.3 24 1.6 + 0.2 


* Casein 15, fat 9, sucrose 72, salts 4 per cent. 


shown in Table II, much more liver fat was deposited in the choline-defi- 
cient group than in any of the others. The doubly deficient and normal 
rats had similar but much lower fat deposits and the pantothenic acid- 
deficient animals significantly less than any of the others. Again the ad- 
renal cholesterol was much depressed in both pantothenic acid-deficient 
groups. 

The lipotropic effect of vitamin By: has been shown by Drill and Me- 
Cormick (4) and Schaefer, Salmon, and Strength (5). ‘This effect appears 
to be due to sparing of choline and methionine requirements through 
improved methyl production and transfer (6). Vitamin By. was therefore 
given along with Diet B intraperitoneally to one-half of each of four new 
groups and orally to the other half in the amount of 0.3 y per rat per day 
throughout the 5 week feeding period. Since no difference due to the mode 
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of administration was seen, the results are reported together in Table ITI. 
The amount of vitamin By, given was apparently border line in effective- 


II 


Effect of Medium Protein-High Fat Diet* in 35 Days with and without Pantothenic 
Acid and Choline 


Adrenals 
Diet — " weight Liver fat | Weight 
body | Cholesterol 
| weight | 
gm. meg. | per cent 
8 75 6.0 + 0.9 19 3.8 + 0.3 
Choline-deficient............... 12 48 22.9+3.0 23 (|452 0.4 
Choline- + pantothenic acid- 
24 7.9 + 1.8 24 $2.12 0.5 
Pantothenic acid-deficient 11 31 3.1 + 0.3 2 '0.9+ 0.1 


Effect of Addition of Vitamin By. to Medium Protein-Medium Fat Diet* with and 
without Pantothenic Acid and Choline 


| | | Adrenals 


Diet — | Liver fat | Weight 
per Cholesterol 
weight | 
| gm. mg. per ceni 
Normal + 89 2020.1; 19 3.5 + 0.3 
«16 ~ 82 3.8 + 0.3 
Choline-deficient 10 + 8Y 4820.8 20 4.7 + 0.4 
| 2 -- 62 14.3 + 0.2 
Choline- + pantothenic 9 20 2B 1.2+ 0.1 
acid -deficient 24 28 4.5 + 0.7 
Pantothenic acid-defi- 10 oo 27 2.2 + 0.1 27 1.4 + 0.2 
cient 25 — 2s 2.42 0.1 


* Casein 15, fat 9, sucrose 72, salts 4 per cent. 
0.3 y of crystalline vitamin B,, daily. 


ness, since the liver fat of the choline-deficient animals was greater than 
that in the other three groups although much lower than in previous 
experiments when vitamin B,. was not given. In general the results were 
the same as had been observed when no vitamin B,. was given but when 
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the food intake of normal and choline-deficient groups on this diet was 
restricted (Table 1). The adrenal cholesterol levels were not raised in the 
pantothenic acid-deficient animals but were lower in the other two groups 
than in the similar but pair-fed rats of Table I. Obviously vitamin By» 
had no specific effect upon the pantothenic acid deficiency. The addition 
of this amount of vitamin B,. did not raise the lipotropie content of this 
15 per cent casein diet to that of the 22 per cent casein used in the first 
experiment but did markedly decrease the liver fat of the choline-deficient 
rats from 14.3 per cent without the vitamin By, to 4.8 per cent with it. 
The progress of liver fat deposition with time was studied, groups of 
four to seven rats on each of the four diets being sacrificed after 1, 2, 3, 4, 
and 5 weeks on the diets. In Fig. 1 it can be seen that in both choline- 


normal 
chol. def. 

chol. & p.a. def 
p.a def 


@ 


Liver Fat, gm. Percent 


2 3 4 
Weeks on the Diet 

Fic. 1. The changes in liver fat produced in 5 weeks by a mildly hypolipotropic, 
complete, choline-deficient, choline- and pantothenic acid-deficient, or pantothenic 
acid-deficient diet. 


deficient groups very fatty livers were produced in 1 week, but after 2 
weeks much lower fat deposits were found in both cases. This may coin- 
cide with the period of acute renal hemorrhage at which time Olson and 
Deane (7) also reported a drop in liver fat due perhaps to decreased food 
intake. After the 4th week, when the pantothenic acid deficiency became 
severe, there was a sharp drop in liver fat of the doubly deficient group. 
The control and pantothenic acid-deficient groups maintained fairly con- 
stant liver lipide values, the latter showing a consistent drop throughout 
the study. 

Adrenal cholesterol was also determined in these animals. The normal 
and choline-deficient groups maintained fairly even coneentrations varying 
from 2.2 to 3.4 per cent and the two pantothenic acid-deficient groups 
lower levels of 1.0 to 2.3 per cent. 

The effect of adrenocortical extract on the adrenals and livers of panto- 
thenie acid-deficient rats was observed, since it might be thought that the 
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changes previously observed may have been caused by the adrenal cortical 
depletion known to occur in this state. An oily preparation of adreno- 
cortical extract® was injected intramuscularly in the amount of 0.1 ml. (4 
rat units) per day into pantothenic acid-deficient and doubly deficient 
animals during the last 2 weeks of the usual 5 week feeding period on Diet 
B. Other choline- and pantothenic acid-deficient and choline-deficient 
groups were maintained parallel with these. Another group of animals 
was adrenalectomized after 3 weeks on the choline-deficient diet and main- 
tained for the remaining 2 weeks on | per cent salt solution. 


Taste IV 


Effect of Medium Protein-Medium Fat Diet* with and without Pantothenic Acid and 
Choline, Adrenal Cortical Extract, or Adrenalectomy 


Adrenals 
Body 
Diet and treatment No. of rats weight Liver fat Weight — 
et 10 | Cholesterol 
weight | 
em. me | per cent 
Pantothenic acid-deficient..... 10 22 2.3 + 0.3 24 1.6 + 0.2 
with 
6 | 2320.3 2 2.0 + 0.4 
Pantothenic acid- + choline- | 
Pantothenic acid- + choline- 
deficient with ACE.......... 6 28 | 4.92 1.1 20 1.5 + 0.1 
Choline-deficient......... oe 6 90 12.1 + 3.7 2 4.2 + 0.6 
adrenalecto- | 
6 9.0 + 2.9 


* Casein 15, fat 9, sucrose 72, salts 4 per cent. 


There was no significant increase in liver fat or adrenal cholesterol pro- 
duced in either group by the adrenocortical extract, although some adrenal 
hypertrophy occurred (Table IV). It may be that the level of dosage used 
was insufficient. The adrenalectomized choline-deficient rats retained ex- 
cess liver fat although not as much as did the intact animals. There was 
a good deal of variation in the group which may have been due to incom- 
plete adrenalectomy, but no fragments of adrenal tissue were found on 
autopsy. Possibly, also, the 2 week period was not long enough for re- 
moval of the fat accumulated in 3 weeks on this diet. The cholesterol 
concentration of the adrenals was not affected by the adrenocortical ex- 
tract (ACE) treatment (Table IV). This failure of restoration of fatty 


* Upjohn’s Lipo-Adrenal cortical extract in cottonseed oil, 
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liver production is in contrast with the remedial effect of ACE treatment 
in pantothenic acid-deficient rats in regard to gluconeogenesis (2). It also 
differs from the findings of Payne (8) who noted restoration by adreno- 
cortical extract of the liver fat response to anterior pituitary extracts in 
fasted adrenalectomized mice. The adrenal cortical hormone did not cause 
fatty liver in intact or adrenalectomized animals unless the ‘‘fat mobilizing 
substances” of anterior pituitary origin were also supplied. The panto- 
thenic acid-deficient groups in our experiment may have failed to respond 
to adrenocortical extract because they may be lacking in, or resistant to, 
the “‘fat-mobilizing substances.’”” Normal animals appear to be able to 
produce the extra ‘‘fat-mobilizing substances’’ necessary for fatty liver 
production under hypolipotropic conditions. 

Most investigators who have used adrenalectomized animals have found 
no fatty liver production following anterior pituitary injection (9). Szego 
and White (10), however, have reported increases in liver lipides of fasting 
mice, both intact and adrenalectomized, when growth hormone was injected 
intraperitoneally. Levin and Farber (11), on the other hand, observed the 
production of fatty livers in adrenalectomized mice only when they had 
been pretreated with cortisone and then given anterior pituitary extracts. 
Because of the similarity of pantothenic acid deficiency to that of adrenalec- 
tomy it was of interest to test the response of rats in both these conditions 
to a purified corticotropin (ACTH) preparation. 

It has been shown (12, 13) that fasted rats treated with anterior pituitary 
extracts or ACTH increased the liver fat with decrease in body fat. Fed 
normal animals have shown (14) similar but less extensive changes. Long 
(15) and Sayers et al. (16) have found that a single ACTH injection in a 
few hours considerably decreased the cholesterol content of the adrenals in 
normal rats. 

The liver fat, adrenal cholesterol, body fat, and thymus weights were 
determined in small groups of animals on the same dietary régimes as in 
the previous experiments but subjected to daily intraperitoneal injections 
of 2 mg. of ACTH* given in three divided doses on each of the five days 
preceding autopsy and 30 days after the animals had been placed on the 
diet. Parallel groups were maintained without this treatment. The entire 
viscera were removed, paws and tail discarded, and skins removed, weighed, 
and dried in vacuo, as was the remaining carcass. The dried skins and 
carcasses were weighed separately and minced and the fat removed by 
continuous petroleum ether extraction. 

Corticotropin treatment had no effect or tended to reduce the liver fat 
in all but the normal group, in which a significant increase occurred. The 
fat of the skin and body was unaffected or increased in all cases (Table V). 


* ACTH L2175D, prepared and kindly supplied to us by Dr. C. H. Li. 
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TaBLe V 


Changes in Liver and Body Fat and in Adrenals and Thymus Caused by Treatment 


Group (4 to 6 
rats each) 


Untreated 


Untreated. .... 


with Corticotropin 


Untreated 


Untreated 


| Thymus 
Weight Skin fat | Weight 
| per 100 | Weigh 
gm. body) 
weight 
Normal 
| per cent 
| sm. | wet weight wel weight wet weight 
115 ms} 278 319 
| +0.3 +3.1 | +42 
..| 125 7.0 | 25.0 | 9.4 | 158 | 198 
| +1.3 40.8 | +39 
Choline-deficient 
13 16.6 5.9. 207 | 234 
| +2.0 | +0.8 | 33 
| 108 | 17.3 | 7.3 | 114123 
| | | +21 
Pantothenic acid- + choline-deficient 
26 | 89 65 
| 9 +0.2 +10 
76 5] 2.9 | 6 | 58 
6 +0.4 | +9 
Pantothenic acid-deficient 
81] 2. | 120 89 
| 1.5 | +0. | | +20 
0.6 +0. | | +16 


* 2 mg. of corticotropin injected intraperitoneally in three equal doses on each of 
the 5 days preceding sacrifice. The preparation, L2175D, was kindly supplied by 


Dr. C. H. Li. 


Adrenal hypertrophy was produced by this treatment in all groups, but 
adrenal cholesterol was unaffected or decreased in the groups which re- 
ceived pantothenic acid but tended to be increased in those which did not. 
The level of cholesterol in the latter groups was as usual significantly lower 
than in the others. 


The thymus weights, as expected, were lowered by the 
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corticotropin treatment, but the total amounts of thymus were much less 
in all the groups which were lacking pantothenic acid. 

There appeared to be no transfer of body fat to the liver in the normal 
group, but the reverse may have occurred in the choline-deficient animals. 
In both pantothenic acid-deficient groups no transfer in either direction 
could be seen. However, these animals were not fasted as were those used 
by Campbell and Lucas (14), who reported transfer of glycerides to the 
liver when anterior pituitary preparations were given, but were fed a 
relatively high carbohydrate diet. The failure of the liver to utilize carbo- 
hydrate normally under the stimulus of the corticotropin may have resulted 
in its transformation to fat and deposit. 

The failure of corticotropin to produce any significant change in both 
pantothenic acid-deficient groups may be due to inability of the adrenal 
cortex to respond with hormone production. That this amount of ACTH 
treatment was effective in stimulating hormone production in the normal 
and choline-deficient rats is evidenced by the significant decrease in thymus. 
The same amount of decrease in thymus also occurred in the pantothenic 
acid-deficient groups. Hypertrophy of the adrenals which occurred in all 
the groups may have little significance in regard to function. 

Further experiments on hypophysectomized normal and pantothenic 
acid-deficient rats treated with ACTH and cortisone separately and to- 
gether are in progress. 


DISCUSSION 


The failure of fat accumulation in the livers of the pantothenic acid- 
deficient rats observed in this experiment may be ascribed to excess utiliza- 
tion of fat, decreased absorption, decreased synthesis, increased mobiliza- 
tion from depot areas, or decreased transport into the liver. The lowered 
food intake of the deficient animals has some bearing on the problem, as 
was shown by the decreased liver fat in the normal and choline-deficient 
rats pair-fed with the pantothenic acid-deficient groups (Table I). Shive 
et al. (17) have shown that bacteria require pantothenic acid for the con- 
version of acetate to fatty acids. Engel (18) showed that rats on fat-free, 
choline-low, inositol-free diets accumulated liver fat when thiamine, ribo- 
flavin, pantothenic acid, and pyridoxine were given, but in the absence of 
thiamine, riboflavin, or pantothenic acid much less liver fat was found. 

The possibility remains that pantothenic acid, like thiamine and probably 
also riboflavin and niacin (19), may be essential for fat formation from 
carbohydrate. These experiments do not furnish proof of this, however, 
since the diets used contained a moderate amount of fat. 

The increased mobilization of tissue fat to the liver produced by anterior 
pituitary, ACTH, and growth hormones (13, 14) could not have occurred 
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in the adrenal stress of pantothenic acid deficiency because at no stage 
(Fig. 1) was increased liver fat observed. According to Barnes et al. (9) 
adrenalectomized rats do not develop fatty livers because the transfer of 
fatty acids into liver neutral fat is seriously impaired. However, when 
such transfer occurred in intact animals, it did not wholly account for the 
amounts of fat moved from the depots; hence increased utilization was 
assumed to have occurred. Li et al. (20) found that in normal rats, forcibly 
fed, injections of ACTH produced not only increase in liver fat but glyco- 
suria and a rise in urinary nitrogen and phosphorus. The latter repre- 
sented a loss of body protein or inhibition of protein anabolism. Under 
these conditions an increase in carcass fat could not be expected, even if 
no transfer to the liver had occurred. 

If the anterior pituitary, as well as the adrenal cortex, is adversely 
affected by pantothenic acid deficiency, the failure of adrenal cortical ex- 
tracts to restore normal liver fat deposition may be explained. The “fat 
mobilizing substances” of anterior pituitary origin may be lacking in the 
pantothenic acid-deficient organism. On the other hand, the effectiveness 
of adrenal cortical extracts in restoration of liver glycogen production in 
such animals (2) may be interpreted to mean that no direct anterior pitui- 
tary product is needed in this function or that, if it is, it is still normally 
present. 

The pantothenic acid-deficient rat exhibits most of the symptoms of 
adrenal insufficiency in greater or lesser degree, depending on the severity 
of the deficiency state. These are failure of gluconeogenesis (2), remediable 
by adrenal cortical hormone, impairment of water and salt metabolism 
(21), failure of liver fat deposition under conditions such as cholesterol 
feeding (1), administration of anterior pituitary hormones and choline 
deficiency, and failure of response to ACTH. The function of pantothenic 
acid probably as part of coenzyme A must be concerned with the mainten- 
ance of normal adrenal cortical hormone production. 

Since coenzyme A has been found to be essential to the metabolism of 
acetate and also the oxidation of pyruvate, a primary rdéle of pantothenic 
acid in the normal utilization of both fatty acids and carbohydrates must 
be conceded. The involvement of the adrenal cortex in this deficiency 
must be taken into account whether the adrenal change be the result of 
metabolic impairment or a specific effect of the deficiency upon the gland. 
The constant depletion of the adrenal cortex of cholesterol in this defi- 
ciency may indicate low cortical hormone production following prolonged 
stress. In adrenal insufficiency all phases of both carbohydrate and lipide 
metabolism are impaired. In pantothenic acid deficiency similar failure oc- 
curs in gluconeogenesis, in maintenance of blood sugar levels and of liver 
glycogen deposition, and in transfer of lipides to the liver. According to 
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Schiffer and Wertheimer (22) adrenalectomized rats can be fattened only 
by high carbohydrate diets, not by high protein or high fat diets. Either 
failure of absorption of fat must have been excessive in the fat-fed animals 
or else fat utilization was increased. 

Similarly, in the pantothenic acid-deficient and doubly deficient rats of 
our experiments fat deposition in both body and liver was much decreased 
even though a high carbohydrate diet was used. This might result from 
interference with transformation of carbohydrate to fat because of lack of 
coenzyme A or increased utilization of fat or both of these phenomena. 
Both the anterior pituitary and the adrenal glands appear to operate im- 
perfectly in this deficiency in so far as fat metabolism is concerned. 


SUMMARY 


Three diets varying in hypolipotropic quality were fed to young rats 
with complete, choline-deficient, choline- and pantothenic acid-deficient, 
or pantothenic acid-deficient vitamin supplements. In all cases the groups 
deprived of pantothenic acid failed to develop fatty livers. When the nor- 
mal and choline-deficient groups were pair-fed with the others, the differ- 
ences in growth and liver fat were reduced, but both pantothenic acid 
groups maintained significantly lower liver fat than the others. The ad- 
renal cholesterol of the pantothenic acid-deficient animals was also at a 
much lower level. 

On a more severely lipogenic diet these differences were exaggerated. 
When 0.3 y of vitamin Bi. was given daily throughout the feeding period, 
no change in the progress of the pantothenic acid deficiency was seen, but 
the liver fat was lowered significantly in the choline-deficient groups. 

Adrenocortical extract was administered to some of the rats on panto- 
thenic acid and doubly deficient diets during the last 10 days of the 35 day 
period with no significant effect upon liver fat or adrenal cholesterol. 
Some of the choline-deficient animals were adrenalectomized after 3 weeks 
on the diet and were found still to have elevated liver lipide content. 

Some rats in each of these four groups were given 2 mg. of ACTH daily 
in three divided doses for 5 days before sacrifice. The pantothenic acid- 
deficient groups showed no response to this treatment, the normal group 
had increased liver fat, and the choline-deficient group slightly reduced or 
unchanged liver fat. Skin and carcass fat was unchanged or increased in 
all groups. Again the adrenal cholesterol of the pantothenic acid-deficient 
rats was much lower than that of the others as was the thymus weight. 

It is concluded that in pantothenic acid-deficient rats adrenal hormone 
production is depressed and fat metabolism is seriously deranged. Fat 
transport to the liver is prevented and this process cannot be returned to 
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normal by adrenocortical extract possibly because of concomitant changes 
in the anterior pituitary hormone production. 
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METABOLIC DEFECTS IN THE LIVER OF FASTED RATS AS 
SHOWN BY UTILIZATION OF C¥-LABELED GLUCOSE AND 
FRUCTOSE* 
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It is well established that carbohydrate utilization is impaired in the 
fasted animal (1, 2). It has also been recently demonstrated that sur- 
viving liver slices prepared from fasted rats are incapable of converting 
C'-labeled glucose to CO and fatty acids to the same extent as are slices 
from livers of non-fasted rats (3). In an attempt to localize the level at 
which glucose utilization is suppressed, we have studied here the con- 
version of radioactive glucose and fructose to COs, fatty acids, and gly- 
cogen by livers of normal and fasted rats. The use of fructose as a sub- 
strate for liver slices made it possible to by-pass the first reaction in which 
glucose is involved. The evidence obtained indicates that the defect in 
glucose utilization occurs most likely at the initial phosphorylative step. 


EXPERIMENTAL 


Treatment of Animals—Male rats of the Long-Evans strain were used. 
For 3 to 5 days before the start of the 48 to 72 hour fast, the animals were 
fed a diet containing 58 per cent dextrose, 22 per cent casein (Labco, 
vitamin-free), 6 per cent salt mixture (4), 2 per cent liver powder (VioBin), 
and 12 per cent Cellu flour containing the water-soluble vitamins (5). 
Vitamins A and D were provided daily in the form of fish oil. 

Incubation Procedure—The animals were sacrificed by cervical fracture, 
and immediately thereafter their livers were excised and placed in cold 
Ringer’s bicarbonate buffer (6). Slices were prepared free-hand with a 
razor blade. 500 + 5 mg. of liver slices were placed in modified Warburg 
flasks containing 4.5 ml. of bicarbonate buffer and 0.5 ml. of isotonic saline 
in which either C'-glucose or C'-fructose was dissolved. The final hexose 
concentration was 0.022 m (400 mg. per cent). The flasks were incubated 
for 180 minutes at 37.5° in a gas phase of 95 per cent oxygen and 5 per cent 
carbon dioxide. Further details of the incubation procedure have been 
described elsewhere (7). 


* The work reported herein was supported by a contract from the Veterans Ad- 
ministration upon recommendation of the Committee on Veterans Medical Problems 
of the National Research Council. 

t Fellow of the United States Public Health Service. 
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Radioactive Substrates—The C-labeled glucose and fructose were pre- 
pared photosynthetically by the method of Putman and Hassid (8). This 
procedure yielded uniformly labeled hexoses which were shown to be chro- 
matographically pure. We are indebted to P. F. Hirsch, R. E. Selff, and 
S. Abraham for their preparation. 

Analytical Procedure—Total carbohydrate was determined on separate 
samples of liver slices. They were transferred to 5 ml. of 1 N H2SQ, and 
heated on the steam bath for 3 hours. The mixture was neutralized with 
solid NasCO; and filtered into a volumetric flask. An aliquot was de- 
proteinated with ZnSO, and NaOH, according to the method of Somogyi 
(9), and centrifuged. The clear supernatant fluid was analyzed for re- 
ducing value (10). 

The analyses for the C content of the respired CO, and of the lipides 
were essentially the same as those reported previously (7). The C™ con- 
tents of the total lipide fractions were determined without previous re- 
moval of the unsaponifiable material, since but a negligible amount of 
C'4-hexose is converted to cholesterol under the conditions of our ex- 
periment (7). 

Since tissue glycogen isolated by the method of Sjégren et al. (11) was — 
found to contain amino acids (as judged by the ninhydrin test), a modifica- 
tion of the above procedure was employed. The tissue was placed in 2 
ml. of 30 per cent KOH, and heated on the steam bath for 50 minutes. 
After precipitation with Na2SO, and alcohol, the glycogen was dissolved in 
water and dialyzed against distilled water at room temperature for 36 
hours in order to remove any amino acids as well as other dialyzable 
materials. The dialyzed solution was filtered into a volumetric flask, and 
aliquots of the solution were removed for the determination of the amount 
of glycogen and its counts per minute of C"%. The glycogen was estimated 
by the colorimetric procedure of Mendel and Hoogland (12): 1 ml. of the 
glycogen solution was heated in a boiling water bath with 3 ml. of 95 per 
cent sulfuric acid for 8 minutes. The concentration was determined by 
means of a Klett-Summerson colorimeter. When samples of c.p. glycogen 
were analyzed by the method outlined above (precipitation, dialysis, and 
colorimetric determination), the recoveries amounted to 85 to 90 per 
cent. Good agreement was also observed for glycogen values obtained by 
(1) the colorimetric procedure and (2) the reducing value (by the Hassid 
method after hydrolysis). Aliquots for analysis of glycogen-C™ were 
plated with negligible mass on aluminum disks. They were counted with 
a thin end window Geiger-Miiller tube and compared directly with the 
initial radioactive substrate plated in the same manner. 
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Results 


The data in Table I show the relative abilities of liver slices from normal 
and fasted rats to metabolize radioactive glucose and fructose. In the 
experiments with normal livers, from 4.0 to 7.8 per cent of the added 
glucose was converted to C"O,.. Under the same conditions the livers of 


TABLE 


Effect of Fasting on Utilization of C'*-Labeled Glucose and Fructose by Rat Liver 
in Vitro 

500 + 5 mg. of liverslices were incubated for 3 hours at 37.5° with 400 mg. per cent 
of either substrate. The gas phase consisted of 95 per cent O2 and 5 per cent COs. 
The total activity added to each flask ranged from 2.0 X 10° to 3.0 & 105 ¢.p.m. 
Duplicate flasks were incubated and the contents analyzed separately; average 
values are reported below. All counting rates which were less than one-third the 
background are reported as zero per cent of the added substrate. 


Liver composition as 
Weight Treatment 
Fatty Total | Fatty | Fatty 
acids | ‘acids COs acids 
| 
gm. percent percent | percent percent per cent | per cent 
1 134 — Non-fasted 1.8 5.6 7.3 1.3 10.5 2.5 
2 144 - 1.5 5.9 7.8 1.2 11.1 2.7 
3 185 ” 2.3 4.6 4.5 1.1 8.9 2.0 
4 150 se 1.7 6.9 4.0 0.3 8.8 0.6 
5 140 2 1.4 3.5 6.3 0.5 13.1 |. 
6 202 Fasted 48 hrs. 3.8 2.4 2.9 0 8.9 | 0.2 
7 126 me hs oe 5.8 1.0 3.6 0) 11.2 | 0.2 
8 | 130 * 12.1 | 6.2 
11 104 | eeeeey hey | 3.8 3.8 | 2.3 | 0 | 9.7 | 0 
12 130 | 2.4 1.4 | 9.5 | 
13 112 | Re tae ae | 3.2 | 3.5 | 2.8 0 9.0 | 0 


the rats fasted 48 hours converted 2.7 to 3.6 per cent of the added glucose 
to COs, while the livers of the animals fasted 72 hours converted 2.3 to 
3.1 per cent. The CQO, recovered in the experiments with fructose ranged 
from 9 to 13 per cent for the livers of non-fasted rats, 8 to 12 per cent 
for those fasted 48 hours, and 8 to 10 per cent for the rats fasted 72 hours. 
It is apparent that the oxidation of glucose was depressed approximately 
50 per cent by depriving rats of food for 2 or 3 days, whereas the oxidation 
of fructose remained essentially unaltered. After rats were fasted for 48 
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hours, their livers did not convert any of the added glucose to fatty acids, 
and converted considerably less of the C'-fructose than did the non- 
fasted livers (see Table I). Practically no lipogenesis from either of the 
added substrates was observed at the end of a 72 hour fast. 


TABLE II 


Effect of Glucose Administration after 72 Hour Fast on Utilization of C'*-Labeled 
Glucose and Fructose by Rat Liver in Vitro 


500 + 5 mg. of liver slices were incubated for 3 hours at 37.5° with 400 mg. per 
cent of either substrate. The gas phase consisted of 95 per cent O- and 5 per cent 
CO... The total activity added to each flask ranged from 2.0 X 105 to 3.0 X 105 
c.p.m. Duplicate flasks were incubated and the contents analyzed separately; 
average values are reported below. All counting rates which were less than one- 
third the background are reported as zero per cent of the added substrate. 


Liver Glucose-C'4 Fructose-C!# 
composition recovered as recovered as 
Experi- Rat 
ment | No. Weight Treatment 
me. Fatty Total Fatty Fatt 
acids CO: | acids CO | acids 
gm. per cent per cent per cent per cent per cent per cent 
I | 14) 165 Non-fasted 1.7 6.9 4.0 | 0.38 |) 8.8 | 0.6 
15 | 185 sin 3.3 4.6) 4.5 1.1 8.9 2.0 
16) 100 Fasted + glucose* 1.3 62 82 
II | 17! 130 Non-fasted 2.0 §.8 |} 3.7 | 0.2 | 5.5 | 0.6 
18 90 Fastedt 2.6 2.2; 1.2 | 0 5.3 | 0 
19 98 glucose* 1.9 10.6 5.4 09 6.6) 0.8 
20 | 115 se + “ 1.8 11.1 6.6 1.8 6.8 1.4 
21 98 + 1.9 10.6) 5.9 0.9 6.5 | 0.8 
III 22 130 | Non-fasted | 2.0 | 3.7] 0.3 | 5.6 | 0.7 
23 98 Fastedt 2.4 1.7 | 5.8 | 
24) 112 ‘¢ + glucose* 1.2 | 12.8; 4.6 | 0.8 | 5.5 | 0.4 
25 | 134 + 1.6 | |} 4.3 0.8 6.0 1.0 


* Fasted for 72 hours; then 2 ml. of 20 per cent glucose were injected intraperi- 
toneally every 4 hours for 24 hours. 
+ Fasted for 72 hours. 


In an attempt to determine the effect of glucose administration on the 
utilization of C™-glucose and C"-fructose after a period of fasting, rats 
first were fasted for 72 hours. For the next 24 hours following the fast 
they were injected intraperitoneally every 4 hours with 2 ml. of a 20 per 
cent dextrose solution. Their livers were then incubated with C'-glucose 
and C'-fructose; the results are shown in Table II. It is apparent that 
the administration of glucose alone restored to normal the ability of the 
liver from the fasted rat to convert the added glucose to CO. and fatty 
acids and the added fructose to fatty acids. 


| 
| 
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Table III lists the data that show the effect of fasting, for 48 hours, on 
glycogenesis from C'4-glucose and C-fructose. From 2 to 4 per cent of 
the added C'-glucose was converted to glycogen by the liver of the 
non-fasted rat. After a 48 hour fast, only 0.4 to 0.7 per cent of the C™- 
glucose was recovered as glycogen. Conversion of C"™-fructose to gly- 
cogen was about the same in the control and the fasted livers. 


III 
Effect of 48 Hour Fast on Hepatic Glycogenesis from C'-Glucose and C'4-Fructose 
in Vitro 

500 + 5 mg. of liver slices were incubated for 3 hours at 37.5° with 400 mg. per 
cent of either substrate. The gas phase consisted of 95 per cent Oz and 5 per cent 
CO... The total activity added to each flask ranged from 2.0 * 105 to 3.0 X 105 
c.p.m. Duplicate flasks were incubated and the contents analyzed separately; 
average values are reported below. 


| | 
Gl | Fructose-C¥4 
Rat No. Weight | Treatment | Le apete recovered as recovered as 
| gm. | | gm. per cent per cent | per cent 
26 195 | Non-fasted 5.4 1.93 3.30 
27 180 5.2 3.68 | 4.1 
28 188 2.11 | 3.84 
29 146 48 hrs. | | 0.15 | 0.65 3.22 
30 165 | 4.4 | | 0.49 2.08 
31 174 | | | 0.38 | 3.72 
DISCUSSION 


The oxidation of added glucose to CO» by surviving liver slices prepared 
from rats fasted 48 and 72 hours was depressed by as much as 50 per cent. 
Since the liver of the fed rat contained more glycogen than did that of 
the fasted animal, it is likely that the dilution of the added C'-glucose by 
glycogen breakdown was greater in the former than in the latter. The 
actual depression of glucose oxidation in the liver from the fasting rat, 
therefore, is probably more pronounced than the data indicate. Since the 
C40, derived from the added fructose was approximately the same in all 
livers studied, regardless of their initial carbohydrate content, the oxida- 
tion of C'-fructose may be considered to be unaffected by any dilutions 
occurring in the system investigated. 

The CO, derived from the added fructose was not appreciably altered 
in the fasted liver, a finding consonant with the view that glycolytic ac- 
tivity beyond the glucokinase step was not altered by fasting. According 
to current concepts, the only enzymes involved in glucose but not fructose 
oxidation are glucokinase and isomerase, which convert glucose to fructose- 
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6-phosphate. In order to determine whether either or both of these en- 
zymes cause the impaired utilization of glucose in the fasted liver, we 
studied glycogen formation from radioactive glucose and fructose. The 
finding that glycogenesis proceeded at normal rates from fructose indicates 
that isomerase is unaffected by fasting. The conversion of C'4-glucose to 
glycogen, however, was markedly depressed. It is reasonable to assume, 
therefore, that the glucokinase system is not functioning normally in the 
fasted liver. 

In view of this metabolic defect associated with the glucokinase step, a 
concomitant depression in lipogenesis at the expense of the added glucose 
is to be expected. Since livers from fasted rats, however, also failed to 
convert the added fructose to fatty acids at a normal rate, another metabolic 
defect must exist, a conclusion borne out by recent findings that the con- 
version of C-labeled acetate to fatty acids is depressed in the fasted 
liver (13, 14). It would thus appear that the second defect does not lie 
in the reactions of the glycolytic scheme beyond glucokinase, but rather 
in the synthesis of fatty acids at or beyond the C2 fragment level (acetyl! 
CoA). 

The defects or blocks demonstrated here for liver of the fasted rat in 
glucose utilization resemble those previously reported for the liver of the 
glucose-fed, alloxan diabetic rat (15). With the aid of C-labeled glucose, 
fructose, and acetate, an impairment was demonstrated in the oxidation 
of glucose but not fructose, and in the conversion of all three substrates 
to fatty acids. Dysfunction of glycolysis imposed by failure in the initial 
phosphorylation of glucose may be a prerequisite to the defect in lipo- 
genesis. This has been suggested by the work of Baker et al. (16) who 
demonstrated that C™-glucose conversion to CO: and fatty acids was still 
depressed in the liver of the alloxan-diabetic rat fed fructose, even though 
lipogenesis from C'-acetate and lactate was normal. 

The loss of specific enzyme activities has been recently shown to occur 
following inanition (17) and protein deficiency (18). The restoration of 
the abnormal carbohydrate utilization of the liver from the fasted rat by 
glucose administration alone rules out the possibility that the lack of 
protein caused the results obtained here. Masoro et al. (3) have demon- 
strated that a high protein or high fat diet resulted in depressed utilization 
of added glucose by surviving liver slices. It would thus appear that the 
glucokinase system is dependent upon a constant exogenous source of 
glucose. 


SUMMARY 


1. The utilization of C-labeled glucose and fructose was studied in liver 
slices prepared from normal non-fasted rats and from rats fasted 48 to 72 
hours. 
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2. The conversion of the added glucose to COs, fatty acids, and glycogen 
was depressed in the liver of the fasted rat. The recoveries of C'-glycogen 
and CQO. from radioactive fructose proceeded at normal rates in livers 
from fasted rats, but lipogenesis was impaired. 

3. A block in the liver from the fasted rat exists at the glucokinase re- 
action. A second block is invoked to explain the inhibition in lipogenesis. 
The similarity to diabetes is discussed. 

4. Glucose administration alone completely restores to normal the utili- 


zation of added glucose by liver from the fasted rat. 
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ADAPTIVE ENZYME FORMATION IN THE CHICK EMBRYO* 


By MALCOLM W. GORDON anp MARIE RODER 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, September 15, 1952) 


In recent years a number of papers have appeared (1—4) which suggest 
that enzymatic adaptation, a very widely distributed property among 
microorganisms, may also be a property of more complex organisms, in- 
cluding mammals. The following work represents a preliminary investi- 
gation of the extent to which enzymatic adaptation may be characteristic 
of embryonic tissue. It was suggested by the resemblance of many of the 
data describing increasing enzymatic activity in the embryo (e.g. Wort- 
man (5)) to the characteristic sigmoidal curves obtained in the study of 
enzymatic adaptation with microorganisms. 


Methods and Materials 


Adenosine—Adenosine of the Nutritional Biochemicals Corporation was 
recrystallized twice from hot water. The molecular extinction coefficient 
in phosphate buffer, pH 7.0, was determined and found to correspond to 
previously reported values (6). Pentose determinations by the orcinol 
method (7) gave results corresponding to 99.8 per cent purity. 

Eggs—Fertile, white Leghorn eggs from flocks maintained by the De- 
partment of Poultry Husbandry, University of Wisconsin, were obtained 
within a day after laying. The eggs were incubated at 37.5° at constant 
humidity and were turned at least once a day. At various times in the 
incubation period, the eggs were rolled in 70 per cent ethanol, the shell was 
pierced with a sharp forceps over the air space, and sterile solutions of 
either adenosine or distilled water were injected into the air space. The 
punctures were then sealed with a mixture of paraffin and beeswax. ‘Those 
eggs injected more than once were injected through the old aperture after 
the eggs were rolled in 70 per cent ethanol and the paraffin-beeswax seal 
was removed with a hot spatula. After injection, the eggs were resealed 
as above. 

While significant increases in the adenosine deaminase titer of the em- 
bryos could also be achieved by injection of adenosine into the yolk, this 
procedure was not extensively employed because of the large number of 
deaths occurring in the embryos from mechanical injuries and infection, 
especially in those eggs injected a number of times. All the results reported 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 
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refer to experiments in which injections were made into the air space. 
Each experimental point is an average of at least five separate experiments. 

Enzyme Preparations—Eggs with embryos incubated through 14 days 
were opened, the embryo divested of all extraembryonic material, and from 
three to twelve similarly treated whole embryos were homogenized in a 
metal Waring blendor provided with an outside ice jacket in ice-cold 0.2 m 
phosphate buffer, pH 7.0, for 2 minutes. The homogenate was centri- 
fuged for 5 minutes at about 1000 X g and the supernatant assayed for 
enzymatic activity. For eggs older than 14 days, the livers were removed 
and treated in the same manner as the whole embryos. 

Adenosine Deaminase Assay—3 volumes of substrate consisting of 4 mg. 
per ml. of recrystallized adenosine in 0.2 m phosphate buffer, pH 7.0, 
equilibrated at 38° in a water bath, were mixed with 2 volumes of enzyme 
preparation, also equilibrated at 38°. 1 ml. samples were removed at 
measured time intervals and mixed with 3 ml. of 0.5 m perchloric acid. 
The mixture was incubated at 38° for 30 minutes, centrifuged for 5 min- 
utes, and 1 ml. of the supernatant was diluted into 10 ml. of distilled 
water. The optical density of the solution was read at 265 my and the 
per cent deamination calculated by the method of Kalckar (8) as employed 
by Mitchell and McElroy (9). 

Xanthine Oxidase Assay—Xanthine oxidase activity was determined by 
a recently described manometric method (10). 

Adenosine Content of Eggs—To determine the excess concentration of 
adenosine in the treated eggs as compared to that in the controls, the 
injected eggs were opened and the entire contents were homogenized in the 
cold with 25 ml. of distilled water used to wash the inner surface of the 
shell. Aliquots of the chilled homogenate were deproteinized with 0.5 m 
perchloric acid, centrifuged, and the supernatant diluted with appropriate 
amounts of distilled water and read in the Beckman spectrophotometer 
at 260 my. The excess concentration of adenosine was calculated from 
the difference at 260 my between the absorption of the treated eggs and the 
untreated eggs. Paper chomatograms of the treated and untreated depro- 
teinized homogenates were run in those cases in which significant absorp- 
tion differences between the treated and the untreated eggs were observed. 
In all cases the excess absorption could be approximately accounted for by a 
material whose Ry corresponded to that of adenosine. No significant differ- 
ence in the concentration of adenine, inosine, xanthine, or hypoxanthine 
was observed. As a check on the analytical method used, some eggs were 
analyzed for excess adenosine by the above method immediately after 
injection. Adenosine recoveries varied from 95 to 103 per cent. 

The determination of the excess concentration of adenosine in the embryo 
alone is intrinsic in the analytical procedure for adenosine deaminase. 
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On no oceasion did it account for more than 0.3 per cent of the injected 
adenosine. 
Nitrogen was determined by standard micro-Kjeldahl methods. 


Results 


Fig. 1 shows the increasing titer of adenosine deaminase in the whole 
embryo during the course of development of the chick. The curve is 
sigmoidal, with the maximum activity per mg. of N at about the 14th day. 
Xanthine oxidase, on the other hand, was not measurable by our methods 
in the whole chick or in the liver until some 24 to 48 hours after hatching. 
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Fic. 1. Normal increase of adenosine deaminase activity in the chick embryo 


Fig. 2 shows the effect of injecting adenosine into the air space of the 
fertile eggs. It will be observed that an injection of 25 mg. of adenosine 
on the 7th day of incubation causes a sharply increased titer of aden- 
osine deaminase by the next day, an increase of almost 5-fold over the 
controls injected with water. Similarly, injections on the 9th, 11th, or 
13th day gave increased titers of. adenosine deaminase by the next day, 
but the per cent rise in titer over the controls became less marked with 
increasing embryo age. 2 days following injection a drop in titer is noted 
and eventually the effect becomes merged with the increasing titer of the 
adenosine deaminase of the controls. 

When the injection schedule is changed so that the eggs are given re- 
peated large doses of adenosine (25 mg.) on succeeding days, death usually 
results after the second injection. The embryos also die if the injection 
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schedule is begun much earlier than the 7th day or continued much beyond Me 


the 15th day. 


Fic. 2. Effect of added adenosine on adenosine deaminase activity in the chick 


embryo. 
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Fic. 3. Effect of repeated injections of adenosine on adenosine deaminase ac- 
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tivity in the chick embryo. 


If the eggs were placed on an injection schedule of relatively small 
amounts of adenosine (10 mg.) on succeeding days, a much larger total 
amount of adenosine could be administered without killing the embryos. 
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Moreover, the titer of adenosine deaminase could be brought to much 
higher levels than by any single injection procedure. Fig. 3 shows these 
experiments in summary. The base-line represents the level of adenosine 
deaminase activity in the controls treated with water. 
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Fic. 4. Disappearance of increased adenosine deaminase activity in the liver of 
the chick embryo. 


TaB_e I 
Data on Disappearance of Adenosine in Injected Eggs 


| | Per cent added adenosine remaining after indicated day 
| of incubation 
adenosine | Day injected | Total injected | 


injected | | | 
| 7th 8th | Oth 10th | 11th | 12th | 13th | 14th 

me. | me | | | 
25 7 25 +60 20 0 0 0 0; Oo 
25 8 25 | 100| 40| 10} O| Oo 
25 9 25 100} O} O} O 
25 | 10 25 100! 10| O| O 
25 | 11 25 | 100! O| 
25 | 12 25 | 100| O|; O 
25 | 13 25 | 100 «OO 
10 | 7 | 10 100 5 0 0 0 0 | 0 0 
10 | 8 | 20 55; O| O; O 
10 10 | 40 25 0 0 0 0 
10 | o| o| 
10 | 12 60 | i565; O| O 
10 | 13 70 | | I5| O 


* Analytical data significant to +5 per cent. 
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Fig. 4 represents the normal adenosine deaminase content of livers from 
chicken embryos from the 13th day through hatching, compared to the 
adenosine deaminase activity of eggs injected with 10 mg. of adenosine 
from the 7th through the 14th day of incubation. Here again the initially 
high titer associated with the injected eggs disappears so that at hatching 
no significant differences between the treated and the untreated eggs can 
be observed. Experiments in which the eggs were injected beyond the 
14th day caused such marked increases in mortality that no very significant 
results could be obtained. 

Table I summarizes the data on the disappearance of adenosine in the 
injected eggs. It will be seen that the disappearance of the adenosine 
precedes the drop in titer of the adenosine deaminase in the eggs injected 
with 25 mg. of adenosine on either the 7th, 9th, llth, or 13th day. With 
the eggs injected with 10 mg. on succeeding days from the 7th through the 
13th day, essentially all the added adenosine disappeared within 24 hours 
after each injection. 


DISCUSSION 


The ability to give rise to a greater response as a result of the repeated 
administration of small activating doses, as compared to the response 
occasioned by single larger doses, is not unique to this biological system. 
It is reminiscent of the immunological phenomenon of increased antibody 
production in response to repeated smal! doses of antigen as compared to 
a single large dose (11). Both these responses might be expected if the 
formation of an adaptive enzyme (or antibody) were the result of a series 
of enzymatic reactions, each adaptively formed and occurring sequentially. 
The entire system, once formed, might be expected to decay stepwise, but, 
so long as a significant portion of the system remained, it would react more 
rapidly to later stimulations. 

This conclusion hinges upon the assumption that in the repeatedly 
treated eggs there is an accumulating ability to respond to the activating 
substrate, even though the substrate has completely disappeared prior to 
each treatment. While the data of Table I would indicate that this is 
true, the method of analysis does not eliminate the possibility that the 
protein precipitated by the perchloric acid may contain a significant part 
of the activating adenosine bound to the protein. But even if this were 
the case, one would have to credit the increased activity of the adenosine 
deaminase in the repeatedly treated eggs to an increased ability to bind 
adenosine as a result of the treatment, an adaptive process itself. This 
conclusion is necessary inasmuch as a postulated increase in the availability 
of the adenosine to the embryo cannot be accounted for by greater extra- 
embryonic circulation nor by any other variable not associated with the 
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action of the added adenosine, since in older, previously untreated eggs 
much larger doses of adenosine elicit a lessened adaptive response on the 
part of the embryo, as compared to either the multiple-treated eggs or to 
the younger eggs. 

In any case, the proposition that embryonic tissues have the capacity 
to react to the presence of a substrate to form, activate, or increase greatly 
in concentration specific enzymes is given strong support by this work, no 
matter what the underlying mechanism may be. The relationship or the 
significance of this property for normal morphogenesis remains, however, 
unknown, but some of the implications of the results are so tempting that 
it is felt that a brief mention of them should be made. 

From many studies with embryonic tissues it is known with certainty 
that in the process of growth there is either de novo formation of enzymes 
or a huge increase in enzymatic activity per unit of nitrogen (5). The 
factors which produce and regulate this appearance of activity have re- 
mained obscure. Nevertheless it has become increasingly evident that the 
elucidation of the necessarily vague concepts in embryology such as ‘‘organ- 
izers,”’ ‘morphogenetic fields,”’ ete., must be sought after in the enzymatic 
changes which accompany and probably are basic to the more obvious 
morphological changes. It is not inconceivable that the known variations 
in the substrates or metabolites of the embryo, both qualitative and quan- 
titative, are fundamental to and the cause of the variations in enzyme 
activity. The comparatively few enzymes which are present in or active 
in the unfertilized egg must, with the activation which occurs upon fertiliza- 
tion, begin to transform the environment in which the embrvo is develop- 
ing. If the adaptive properties of the embryo are well developed, we can 
expect that the new environment will give rise to new enzymes, which in 
turn will give rise to a new environment and new enzymes, until a cycle 
of reactions is completed with the formation of a metabolic end-product. 
With the demonstration that embryonic tissues do show the ability to react 
adaptively, a further support for the above concept would consist in estab- 
lishing correlations between the appearance of an enzymatic activity and 
the appearance of substrates in the embryo. 

The data of Table | showing the disappearance of the activating sub- 
strate prior to the fall in titer of the excess enzymatic activity can also be 
considered such supporting evidence. 

As in the experiments of Stanier ef al. (12-14), an increased activity of 
adenosine deaminase should be connected with an increased activity of the 
other enzymes involved in the formed adaptive pathway. In these experi- 
ments the appearance of xanthine oxidase in the embryo could not be 
influenced by the administration of adenosine. However, none of the 
other enzymes which are involved in adenosine metabolism were studied. 
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SUMMARY 


Fertile chick embryos have been shown to be capable of elaborating 
adenosine deaminase in response to injections of adenosine during various 
stages in the development of the embryo. The response is shown to be 
greater when the injections of adenosine are given over a period of days 
rather than in a single dose. 
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THE PRODUCTION OF FATTY LIVERS IN RATS ON 
THREONINE- AND LYSINE-DEFICIENT DIETS* 
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(From the Departments of Biochemistry and Medicine, Medical College of Georgia, 
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(Received for publication, July 16, 1952) 


While studying the nicotinic acid-tryptophan relationship in rats on low 
casein rations containing choline (2), yellowish livers were observed on 
autopsy. These livers upon analysis were found to contain 16 per cent 
lipide. When an amino acid mixture containing threonine, valine, and 
histidine was added to the ration, normal liver lipides were found. A 
systematic study of the effects of these amino acids indicated that the fatty 
livers were the result of a suboptimal intake of threonine and could be 
prevented by the inclusion of adequate amounts of the amino acid in the 
diet. Similar results have been obtained with amino acid diets simulating 
the low casein rations. 

The possibility that deficiencies of other amino acids might lead to a 
similar abnormal accumulation of liver lipides was investigated. Under 
certain dietary conditions suboptimal intakes of lysine, tryptophan, and 
leucine resulted in fatty livers. The results of the threonine and lysine 
experiments are presented here. 


EXPERIMENTAL 


Wistar strain rats, 22 days old, were used in these experiments. The 
low protein basal ration consisted of casein (Labco) 9, sucrose 82, salts (3) 
4, L-cystine 0.2, cottonseed oil 3, and cod liver oil 2 parts. Vitamins were 
incorporated in 100 gm. of diet at the following levels: thiamine 1.0, ribo- 
flavin 1.0, pyridoxine 1.0, calcium pantothenate 2.0, choline chloride 200, 
2-methyl-1 ,4-naphthoquinone 0.5, inositol 10, biotin 0.02, and folie acid 
0.2 mg. a-Tocopherol was administered at a level of 1.0 mg. per rat per 
week. 

The amino acid ration simulating the casein diet consisted of L-argi- 
nine-HCl1 0.45, t-histidine- HCl] 0.35, L-lysine- HCl] 0.78, L-tyrosine 0.58, 

* Presented in part at the meeting of the Federation of American Societies for 
Experimental Biology, Detroit, 1949 (1), and at Cleveland, 1951 (Federation Proc., 
10, 247 (1951)). Acknowledgment is made of aid from the United States Public 
Health Service and the United States Atomic Energy Commission (contract AT- 
(40-1)-232). Folie acid was generously contributed by the Lederle Laboratories 
Division, American Cyanamid Company. 
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Tasie I 
Liver Lipides of Rats on Various Casein Diets 


No 
1 Stock 
2 7 20% casein 
3 22 Basal casein 
4 18 ‘* + 2.0 mg. % nicotinic acid 
5 | 17 0.2% i-tryptophan 
6 8 ‘ + threonine + valine + histidine 
7 8. Diet 6 + 2.0 mg. % nicotinic acid 
8 8 ‘* 6+ 0.2% L-tryptophan 
9, 8 Basal + threonine + valine 
10} 8 Diet 9 + 2.0 mg. % nicotinic acid 
11 8 9+ 0.2% .-tryptophan 
12. 8 Basal + valine + histidine 
13) 8 Diet 12 + 2.0 mg. % nicotinic acid 
14) 8, “* 12 +4 0.2% i-tryptophan 
15 8 Basal + threonine + histidine 
16| 8 Diet 15 + 2.0 mg. % nicotinic acid 
17; 8 15+ 0.2% u-tryptophan 
18 | 9 | Basal + threonine 
19; 9 Diet 18 + 2.0 mg. % nicotinie acid 
20; 9, 18 + 0.2% L-tryptophan 
21 8 Basal + histidine 
22) &§ Diet 21 + 2.0 mg. % nicotinic acid 
235 8 214 0.2% .-tryptophan 
24) 8 Basal + valine 
25 8 Diet 24 + 2.0 mg. % nicotinic acid 
26; 8) 24 + 0.2% w-tryptophan 
27 | 5 Basal + phenylalanine 
28 5 Diet 27 + 2.0 mg. % nicotinic acid 
299; § 274+ 0.2% .-tryptophan 
30, Diet 5 + serine 
31 | 12 “ 5 + 0.8% choline chloride 
32 | 6 ‘“ 5 + methionine 
mite) 
4:2; “ &+ 
“ 54+ 35%lard 
366 ‘35 + threonine{ 
6 5 (choline-free) 
38§ 6 37 + 1.68% pL-threonine 
398 6 (choline-free) + 35% lard 
40§ 6 39 + 1.68% pui-threonine 


* The stock ration consists of commercial animal 
The levels of supplementary amino acids are DL- 


with milk, lettuce, and carrots. 


Gain per wk. 
for 4 wks. 


gm. 


(22-29) 


(21-33) 
(8-12) 
(10-16) 
(9-18) 
(O-4) 
(18-26) 
(21-30) 
(0-5) 
(18-27) 
(21-27) 
(8-12) 
(11-15) 
(10-17) 
(1-3) 
(15-25) 
(20-25) 
(0-6) 
(16-24) 
(19-27) 
(8-10) 
(9-15) 
(8-16) 
(8-12) 
(10-15) 
(9-11) 
(7-11) 
(8-14) 
(8-14) 
(9-15) 
(10-20) 
(6-12) 
(14-18) 
(14-17) 
(8-11) 
(9-10) 
(15-19) 
(15-16) 
(17-19) 
(15-20) 


OW oem 


NI 


food supplen 


Liver lipidest 


per cent 
(5.5-6.3)t 
(5.2-6.0) 
(10.5-18.2) 
(12.9-23.1) 
(10.2-19.2) 
(3.7-5.8) 
(4.6-6.3) 
(5.4-8.5) 
(3.6-5.8) 
(5.3-10.1) 
(7 .2-10.4) 
(10.6-15.3) 
(13.3-15.5) 
(11.6-15.4) 
(3.7-5.0) 
(5.0-8.0) 
(6.3-7.6) 
(4.1-6.3) 
(4.4-8.1) 
(4.6-10.5) 
(10.2-19.0) 
(12.5-16.2) 
(9.5-18.3) 
(9.4-17.5) 
(11.9-19.2) 
(8.9-21.0) 
(13.5-20.2) 
(12.2-18.4) 
(13.0-21.4) 
(13.0-18.8) 
(6.9-12.0) 
(5.2-12.5) 
(11.0-22.7) 
(4.6-10.3) 
(12.9-28 .4) 
(9.4-11.4) 
(16.0-16.9) 
(15.1-19.9) 
(17. 220.3) 
(16.3-18.0) 


1ented liberally 


threonine 0.4, pL-valine 0.3, L-histidine monohydrochloride 0.25, pt-phenylalanine 
0.25, pL-serine 0.4, and pL-methionine 2.0 per cent, unless otherwise indicated. 
+ Values calculated on the basis of fresh weight of tissue. 
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25 
25 | 
13 
15 | 
2 
23 
24 
3 
22 

| 
10 13 
14 
13 13 
2 4 
19 | 6 
23 
3 | § 
19 65 
22 
9 13 
12 13 
12 | 13 
13 
13 16.0 
14.4 
9 16.1 
12 
12 | 15.5 
12 
15 | 
10 | 

16 | 
16 | 
10 
10 
IS 
16 
18 
16 

| 
|| 
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TaBLe I—Concluded 


¢} The values in parentheses represent the range. 
§ Adult rats, weighing approximately 200 gm. at the beginning of the experiment. 


L-tryptophan 0.31, pi-phenylalanine 0.47, L-cystine 0.23, pL-methionine 
0.32, pL-serine 0.54, pi-threonine 1.10, L-leucine 1.09, pL-isoleucine 1.17, 
pL-valine 1.56, L-glutamic acid 3.49, L-aspartic acid 0.57, glycine 0.05, 
pL-alanine 0.51, sucrose 77.5, salts (3) 4, cottonseed oil 3, and cod liver oil 
2 parts. Vitamins were incorporated at levels indicated for the casein 
ration. Diets deficient in threonine and lysine were prepared from the 
amino acid mixture from which the corresponding amino acid had been 
omitted. 

When the fat content of the rations was increased, it replaced an equal 
weight of sucrose in the diet. 

At the end of 28 days on these rations, the rats were killed by decapita- 
tion, and the livers removed and analyzed for total lipides (4). When the 
lipides were partitioned, the petroleum ether extract of each liver was 
diluted to 100 ml., one-half of which was reserved for total lipide determina- 
tion, the remainder being used for the other analyses. Phospholipide phos- 
phorus was determined colorimetrically by the molybdate (5) and Elon- 
bisulfite reagents after digestion with sulfuric acid with the aid of nitric 
acid. Monophosphatides were estimated by the method of Schmidt e¢ al. 
(6), free and total cholesterol by a slight modification of the method of 
Schoenheimer and Sperry (7), and iodine number by the micro adaptation 
of Yasuda (8). Serum was prepared from blood obtained by cardiac punc- 
ture. 

It is evident from the results presented in Table I that normal liver 
lipides cannot be maintained on a low casein, low fat ration containing 
what is considered adequate amounts of supplementary choline and cystine 
(Diet 3). An increase of protein level to 20 per cent is fully protective in 
this respect (Diet 2). These liver lipide values compare favorably to those 
for rats on a mixed stock ration (Diet 1). On such low protein diets a 
requirement for nicotinic acid is evident (9), but neither this vitamin nor 
its biological precursor, the amino acid tryptophan, can prevent these fatty 
livers (Diets 4 and 5). However, growth is somewhat improved with the 
inclusion of either of these substances. 

In a previous study (2) the growth-inhibiting effect of a mixture con- 
taining threonine, valine, and histidine in rats on this casein ration was 
demonstrated. The liver lipides are reduced to normal levels (Diet 6). 
That this lipotropic action is not the result of growth failure (10) is evident 
from the near normal liver lipide values for rats on Diets 7 and 8 in which 
nicotinic acid and tryptophan reverse the inhibitory effect of the amino 
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acid mixture and permit better growth than that observed on the corre- 
sponding control diets alone (Diets 4 and 5). It has been shown (2) that 
the amino acid, threonine, is responsible for this growth inhibition and, in 
addition, is required for normal growth on low casein diets supplemented 
with either nicotinic acid or tryptophan. Similarly, it can be seen that the 
lipotropic action of this mixture is entirely related to the presence of 
threonine. Valine and histidine are without demonstrable activity (Diets 
9 to 26). Phenylalanine is similarly ineffective. Because the essential 
nature of threonine may be related to the hydroxyl group it furnishes, it 
was of interest to assay the non-essential hydroxamino acid, serine, for 
activity. It is evident that hydroxy] groups per se do not account for the 
lipotropism. In view of the fact that choline and methionine are lipotropic 
agents in rats on low protein, high fat diets poor in choline, the dietary 
levels of these substances were increased 5-fold, at which point lipotropic 
activity was demonstrable (Diets 31 and 32). It is interesting to note that 
the level of choline in the basal protein ration (0.2 per cent) is twice that 
ordinarily required for maximal lipotropism in rats on low protein, high 
fat diets (10). 

Because of this dual lipotropism paired feeding experiments were under- 
taken to determine the lipotropic activity of threonine when the choline 
intake was controlled. The results indicate without question that thre- 
onine is active in rations containing both 5 and 40 per cent fat (Diets 33 
to 36). However, when choline is entirely eliminated from the diet, thre- 
onine is without any effect whatever (Diets 37 to 40). Eckstein (11) has 
also reported the failure of threonine in this respect. This seeming contra- 
diction appears to resolve itself in the establishment of two separate, yet 
related, phenomena in fatty liver production: first, a primary methyl] group 
or choline deficiency in which threonine is without effect, and, second, 
primary threonine deficiency in which choline is effective at high dietary 
levels. 

Because of the evident limitations of protein rations in a study of this 
type, a mixture of essential and non-essential amino acids simulating the 
amino acid content of the basal 9 per cent casein ration was employed 
(Table II). The complete exclusion of threonine from the ration produces 
marked growth failure, but no alteration in liver lipides (Diet 1). These 
findings are at variance with those of Dick et al. (12). In view of the fact 
that experimental diets employed in the latter study contained only the 
essential amino acids in contrast to the most complete mixture here, the 
explanation for this discrepancy must await additional data. The inclu- 
sion of large amounts of dietary fat does not alter the liver findings. Sup- 
plementation of the ration with threonine from 0.4 to 0.7 per cent levels 
improves the growth rate and simultaneously increases the liver lipides 
(Diets 3 to6). The threonine content of the basal 9 per cent casein ration 
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is equivalent to that of the amino acid diet supplemented with 0.7 per cent 
threonine. Further increase in the threonine supplement improves growth 
to near optimal rates and reduces liver lipides to normal. Large amounts 
of fat, when included in the 0.7 per cent threonine ration, do not further 
increase the liver lipides. However, on the 1.1 per cent threonine ration, 


TaBLeE II 
Liver Lipides of Rats on Amino Diets 
No. hud | Diet Change in body weight | Liver lipidesf 
gm. | per cent 

1. 8 Threonine-free basal (5% fat) —12 to —14)f 5.7 (4.4-6.8)f 
2 8 (200% “) —14 (10 to —16) 5.0 (3.9-5.5) 
3 §8§ Diet 1+ 0.4% pt-threonine +22 (19-30) 8.1 (6.8-10.1) 
“ 1+0.55% +37 (28-40) 11.7 (9.0-14.0) 
5:25 * 1+0.7% +68 (51-80) (13.9 (10.8-20.7) 
6 8 * 2+0.7% ” +23 (11-31) 14.8 (10.2-19.8) 

24+1.1% +84 (71-95) 5.9 (4.8-7.7) 
sisi * 2+1.1% “6 +36 (32-38) 9.5 (7.4-11.1) 
5 “* 2+ 1.68% +34 (26-38) 10.6 (7.3-12.8) 
10 6 5 + 0.8% choline chloride +58 (41-62) (6.6-9.2) 
11 6 ‘* 5+ 2.0% pvi-methionine +25 (11-28) 7.9 (6.9-12.5) 
12 6 5 + cobalamin§ +62 (57-70) (12.6 (11.3-13.9) 
13 8 Lysine-free basal (5% fat) ~9 (—S8to —10) | 6.9 (4.4-7.2) 
14 8 “(40% “) (—9 to —13) | 5.8 (4.8-6.4) 
15 7 Diet 13 + 0.35% t-lysine-HCl +20 (17-25) 9.0 (7.7-13.1) 
16 8 13 + 0.44% +40 (31-51) (13.6 (8.4-24.1) 
17 8 14+ 0.44% +18 (11-21) (9.5-14.1) 
Is 8 13 + 0.57% +69 (60-94) (15.1 (10.4-26.6) 
19 JT * 16+ 0.8% choline chloride +40 (34-50) (10.6 (6.8-11.6) 
20 6 * 16+ cobalamin§ +42 (35-50) (12.7 (10.7-16.4) 


* The values in parentheses represent the total amount of dietary fat. 
t Values calculated on the basis of fresh weight of tissue. 

t The values in parentheses represent the range. 

§ Fed at a level of 1 y per rat per day. 


dietary fat does increase the liver lipides, which cannot be reduced by 
increasing the threonine supplement to 1.68 per cent (Diets 7 to 9). Defi- 
ciencies of other amino acids may be evident here, resulting from the 
caloric dilution of the diet with fat. Supplementary choline exerts lipo- 
tropic activity but to a more limited extent than that observed on the 
protein rations (Diet 10). The greater activity of methionine is believed 
related to the poor growth seen on this diet. It is, indeed, curious that the 
inhibitory effect of methionine on growth is less evident on the casein 
rations than on the amino acid diet. 
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Fatty livers resulting from a suboptimal intake of lysine were observed 
in rats on amino acid rations. When lysine was completely excluded from 
the ration, no large increase in liver lipides was observed (Diet 13). These 
findings are similar to those of Gillespie and coworkers (13). The level of 
dietary fat seemed without influence. With graded supplements of lysine 
from 0.35 to 0.57 per cent, growth is markedly improved and associated 
with this increased growth rate is the deposition of abnormal amounts of 
liver lipides (Diets 15 to 18). Supplementary lysine at higher levels 
brought growth to near optimal rate and returned the liver lipides to 
normal levels (Diet 7). It is evident that the production of ‘threonine 
and lysine fatty livers” of a maximal fat content requires that growth be at 
least 80 per cent of the optimal rate. The requirement for growth appar- 
ently takes precedence over that required for the maintenance of normal 
liver lipides. Large amounts of choline have a limited lipotropic action 
here, similar to that observed in threonine deficiencies on amino acid ra- 
tions. 

Cobalamin has been shown to be involved in the synthesis of methyl 
groups in the rat (14, 15). It has been claimed that this vitamin was also 
effective in maintaining normal liver lipides in threonine and lysine defi- 
ciencies... Under our experimental conditions, cobalamin is not effective 
(Diets 12 and 20). The lipotropic action of this vitamin in carbon tetra- 
chloride poisoning (16) could not be confirmed.’ Folinie acid was also 
without activity.2. Neither of these vitamins was active against fatty 
livers resulting from extreme protein depletion.* 3 

The data presented in Table ITI show the distribution of some liver and 
serum lipide constituents in the deficient animals. With an increase of 
total liver lipides, the total phospholipides decrease. This is paralleled in 
the monophosphatide fraction. On the other hand, the total cholesterol 
content increases above normal. In view of the fact that the free choles- 
terol has decreased somewhat, the elevated total cholesterol level is ac- 
counted for by the appearance in these livers of appreciable amounts of 
esterified sterol, which normally is present in only small amounts. The 
decrease in iodine number of total lipides suggests an accumulation of 
relatively saturated lipides in the liver. 

The values for phospholipide and total and free cholesterol of serum do 
not show a significant change from those observed in rats on the complete 
ration. 

The data obtained for various liver lipide constituents in threonine- or 
lysine-deficient rats resemble those found for the choline-deficient animal 
(17, 18). The similarity suggests a possible involvement of these three 


1 Private communication, Dr. J. A. Stekol, Federation of American Societies for 
Experimental Biology, Cleveland, 1951. 
? Unpublished data. 
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substances in different parts of a common biochemical mechanism. The 
limited, yet definite, lipotropic action of choline in these amino acid defi- 
ciencies suggests that this may be more than a casual relationship. It is 
possible that the fatty livers observed in this laboratory and those found 
in tryptophan deficiency by Adamstone and Spector (19) result from a 
deficiency of an enzyme system normally involved in the synthesis of 
phospholipides from components of low molecular weight. A deficiency of 
any amino acid used in the synthesis of enzyme protein should, in turn, 
impair phospholipide formation.’ In this regard protein and amino acid 
deficiencies in the rat have been found to affect markedly the level of 
certain liver enzymes (22-27). 


TaBLeE III 
Liver and Serum Lipides in Threonine and Lysine Deficiencies* 


Twelve rats were used in each experiment. 


Diett Complete | Threonine-deficient | Lysine-deficient 
Liver | | 
Total lipide, %.............. +03 «11.6 + 0.9 12.4 + 1.0 
Phospholipide,%............ «3.08 + 0.05 2.48 + 0.07 2.26 + 0.05 
Monophosphatide, %......... 3.00 + 0.05 2.4624 0.06 2.24 + 0.03 
Total cholesterol, %......... 0.21 + 0.01 0.29 + 0.02 0.31 + 0.05 
Free + 0.01 0.17 0.010.115 + 0.01 
Serum | | 
Phospholipide, mg. %........ 11388 +10 +11 | 132 +10 
Total cholesterol, mg. %..... 69 + 3 60 + 3 68 + 5 
Free 3 mg. %..... 15 + 1 | 12 + 1 12 + 1 


| 
| 
| 


* The values include the standard error of the mean. 
+t The composition of the complete, threonine-, and lysine-deficient diets is iden- 
tical with that of Diets7, 5, and 16, respectively, as reported in Table IT. 


SUMMARY 


Suboptimal intakes of lysine and threonine result in fatty livers in rats 
on low protein and amino acid rations. When adequate amounts of these 
amino acids are present in the diet, normal liver lipide levels are observed. 
High supplementary levels of choline and methionine are lipotropic in rats 
on the protein ration, but less effective in those on the amino acid diets. 
A relation between growth and the level of liver lipides has been demon- 
strated. 


3 It was believed initially that the lipotropic activity of threonine might be ex- 
plained by the possible occurrence of the amino acid as a component of a phospho- 
lipide of the serine type. Fractionation of beef and pork brain (20) yielded extracts, 
which were strongly inhibitory when assayed microbiologically for threonine (21). 
Supplementary threonine partially reversed the inhibition. 
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Cobalamin is not lipotropic in these fatty livers. 

With the increase of total liver lipides there is a decrease in liver phos- 
pholipides and iodine number of total lipides. In addition, appreciable 
amounts of esterified cholesterol have been found. 

The amounts of serum free and total cholesterol and phospholipides do 
not differ from those observed in animals on an adequate ration. 


The authors are grateful to Horace T. Hayes and Fred O. Kessler, Jr., 
for the care of animals employed in this investigation, and to W. W. Harris 
and W. A. Sherrer for lipide partition analyses. 
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THE EFFECT OF THREONINE DEFICIENCY ON THE 
SYNTHESIS OF SOME PHOSPHORUS FRACTIONS 
IN THE RAT* 
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JULIA M. LITTLEJOHN 


WITH THE TECHNICAL ASSISTANCE OF Horace HAyYEs 


(From the Departments of Biochemistry and Medicine, Medical College of Georgia, 
Augusta, Georgia) 


(Received for publication, July 16, 1952) 


Rats on diets containing suboptimal amounts of threonine or lysine have 
been observed to develop fatty livers, which could be controlled by ade- 
quate dietary levels of these amino acids (2). Choline was also lipotropic, 
but only at high levels, at which its activity was still limited in extent. 
The liver lipide pattern in these amino acid deficiencies was found to be 
suggestive of that observed in typical choline deficiency in rats on high fat, 
low protein rations. The lipotropic action of choline in the latter circum- 
stance has been explained by an increased phospholipide turnover in the 
liver (3). It was, therefore, of interest to study the rate of incorporation of 
radiophosphorus into the phospholipide and the protein-bound phosphorus 
fractions of liver, small intestine, and kidney of threonine- or lysine-defi- 
cient rats in order to elucidate the relationship between these amino acids 
and choline. The results of the threonine deficiency study are presented 
here. 


EXPERIMENTAL 


Wistar strain rats, 22 days old, were employed in pairs in these experi- 
ments. The diets employed were those previously described (2). After 28 
days on these rations, the animals were fasted for 12 hours and injected 
intraperitoneally with approximately 10 ue. of radiophosphate solution, 
pH 7.4. At this time one member of each pair of rats on the deficient and 
complete diets was given by stomach tube 2 ml. of distilled water (control 
group), the other member receiving 2 mm of p.i-threonine (experimental 
group). The animals were killed by decapitation 7.5 to 8 hours later. 


* Presented in part at the meeting of the Federation of American Societies for 
Experimental Biology, Atlantic City, 1950 (1). Acknowledgment is made of aid 
from the United States Atomic Energy Commission (contract AT-(40-1)-232) and the 
United States Public Health Service. Folic acid was generously contributed by the 
Lederle Laboratories Division, American Cyanamid Company. P* was supplied 
by the Oak Ridge National Laboratory on allocation from the United States Atomic 
Energy Commission. 
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Specimens of liver and kidney were quickly removed, blotted to remove 
adhering blood, and frozen in petroleum ether cooled with dry ice. Sec- 
tions of small intestine were first rinsed with ice-cold saline, split length- 
wise, and blotted before freezing. The frozen tissues were stored in a dry 
ice refrigerator until analyzed. Because entire organs could not be frac- 
tionated, duplicate specimens were routinely analyzed. 

The fractionation of the specimens for total acid-soluble, phospholipide 
and protein-bound or nucleoprotein phosphorus and the preparation of 
these fractions for the measurement of radioactivity were by the method of 
Dziewiatkowski and Bodian (4). The nucleoprotein residue was fraction- 
ated for pentose nucleic (PNA) and desoxypentose nucleic (DNA) acids 
and phosphoprotein by the methods of Schneider (5) and Schmidt and 
Thannhauser (6) as adapted to isotope studies. These fractions were pre- 
pared for radioassay by the above method (4). An autoscaler with a thin 
end window Geiger-Miiller tube was employed. Phosphorus was deter- 
mined with the molybdate (7) and Elon-bisulfite reagents, and total liver 
lipides by the procedure of Tucker and Eckstein (8). 

Because of the variation in the final body weight of animals and possible 
differences in the rate of absorption of the radioisotope, as well as other 
individual animal variations, which could not be controlled, it was con- 
sidered advisable to refer the radioactivity of the phospholipide and nucleo- 
protein fractions to that of the total acid-soluble fraction. This index, 
termed ‘‘relative specific activity,’’ is defined, as employed here, as the 
ratio of the counts per minute per mg. of phospholipide or nucleoprotein 
phosphorus to the counts per minute per mg. of total acid-soluble phos- 
phorus. A similar index has been employed in the study of phospholipide 
synthesis in the intestine (9). In regard to nucleic acid synthesis, it has 
recently been observed that the incorporation of C'-orotic acid into nucleic 
acid is preceded by the appearance in the trichloroacetic acid-soluble frac- 
tion of a radioactive substance, which could not be identified as free orotic 
acid, but which probably represented one of the nucleic acid precursors 
(10). 

With a suboptimal dietary intake of threonine, animals of the control 
group show an increase of total liver lipides as compared to those on the 
complete ration (Table I).!. The decrease of phospholipide phosphorus! is 
paralleled by a decreased rate of synthesis of this fraction. However, the 
most marked change produced by the deficiency state is in the nucleopro- 
tein fraction in which the rate of incorporation of the isotope is depressed 
25 per cent below that observed in rats on the complete ration.!:? The 


< 0.01. 

? The initial experiments indicate that adult rats maintained for 28 days on a 
choline-deficient diet (40 per cent fat, 9 per cent casein, 0.2 per cent L-cystine) do not 
show a depressed synthesis of the nucleoprotein fraction. 
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small, but significant, decrease! in the phosphorus content of this fraction 
could not be accounted for in later fractionation experiments by the desoxy- 
pentose nucleic acid, pentose nucleic acid, or phosphoprotein fractions (Ta- 
ble II). Changes in either the phospholipide or nucleoprotein phosphorus 
content or activity are not observed in the small intestine or kidney. 
These latter results differentiate, in part, threonine deficiency from the 
typical choline deficiency in which impairment of phospholipide synthesis 
is observed not only in liver, but in intestine (11) and kidney (12) as well. 
However, the degree of amino acid deficiency as observed here may mask 
qualitative changes that might be produced under more stringent condi- 
tions. 

The data of the experimental group summarize the effects of the adminis- 
tration of threonine to animals on the deficient and complete diet.* It is 
evident that threonine does not exert a lipotropic activity within the 8 hour 
period. On the other hand, in choline deficiency Horning and Eckstein | 
(13) have observed a decrease of liver lipides with supplementary choline 
or methionine within an 8 hour period. The increase of liver phospholipide 
phosphorus with threonine is of questionable significance.* In choline de- 
ficiency a tendency toward higher phospholipide values is observed in 
choline-fed animals (13). Although a single supplement of threonine does 
not alter either the level of total liver lipides or phospholipides in the 
deficient rats within the 8 hour period, significant increases in the activity 
of the phospholipide and nucleoprotein phosphorus are observed. The 12 
per cent increase in the former is only one-third that observed for the 
stimulating effect of choline in rats on high fat, low protein rations (13, 14). 
Animals on the complete ration do not show any changes in these fractions 
with the administration of the amino acid. It is presumed that in these 
rats, in which the levels of these substances and their rates of synthesis are 
normal, additional nutrient cannot increase the functional activity above 
that characteristic for the tissue. Small intestine and kidney of the defi- 
cient animals, which show no change from normal in the control group, are 
similarly unresponsive to supplementary threonine. 

Since the nucleoprotein fraction is known to contain pentose nucleic and 
desoxypentose nucleic acids (5), phosphoprotein (6), and possibly meta- 
phosphate (15, 16), it seemed desirable to study the rates of synthesis of 


3 Threonine deficiency in rats on low casein rations (2) produces essentially the 
same results as those observed with the use of the amino acid diets in the present 
investigation. 

‘P= 0.1. 

5 The ratios of liver phospholipide phosphorus to nucleoprotein phosphorus of 
the control animals on the deficient and complete rations are 0.96 and 1.10, respec- 
tively. Following the addition of the threonine supplement the values are 1.02 and 


1.10, respectively. 
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some of these substances in the livers of deficient animals. It is evident 
from the data presented in Table II that threonine deficiency does not 
alter the DNA content of liver. Supplementary threonine is also without 
effect. This is not unexpected, because more stringent conditions as fast- 
ing (17) and protein-poor diets (18, 19) do not affect the level of this liver 
component. In regard to the latter condition there is a recent report 


TABLE II 


Influence of Threonine on Incorporation of Radiophosphorus into Liver 
DNA, PNA, and Phosphoprotein Fractions of Rats* 


Diet (10 pairs Total Total | DNA | PNA a Phosphoprotein : 
Pp Activity Activity | Activity 
per cent meg. | mg. mg. | r.$.a. | mg. | 
Controlf 

Deficient | 12.4 | 1.14, 0.259 0.7 | 0.97) 13.8 | 0.158 35 

+£0.04 +0.009 40.2 +0.03 40.7 +0.006 +2 

Complete 6.4 1.08 0.27 0.92) 19.1 0.141 31 

+£0.04 | 40.01 +0.1 0.5 +0.009 +3 

| | 
Experimentalf 

Deficient | 13.4 | 1.03 | 0.2381 0.7 | 0.94; 19.0 | 0.143 32 

+1.0 | £0.04 +0.007) +0.1 | 40.02 | +0.9 | 40.007, +2 

Complete 6.7 1.07 | 0.27; 0.8 0.91 19.8 0.152 33 

+0.1 | 40.01) 40.01 | | 40.01 | 40.5 +0.008 +3 


* The values include the standard error of the mean. The total lipides are ex- 
pressed as per cent of fresh tissue and phosphorus content of total acid-soluble 
DNA, PNA, and phosphoprotein fractions in mg. per gm. of fresh tissue. Activity 
= relative specific activity (r.s.a.) X 100. See Table I for composition of diets. 

t The control group received 2 ml. of H.O, and the experimental 2 ml. of solution 
containing 2 mm of pL-threonine. 


showing an actual increase in DNA content (20). The activity of this 
fraction indicates that, even in the young growing animal, the rate of 
synthesis is low. Only when mitotic division is induced, is the turnover of 
DNA phosphorus greatly increased (21). Others have observed a similar 
inertness in studies with radiophosphate (17, 22, 23), although the results 
here show a somewhat lower ratio of DNA to PNA activity. 

Whereas DNA is somewhat resistant to change, the PNA content of 
liver can be influenced by a number of experimental conditions. Fasting 
(17), protein-poor diets (19), ischemia (24), and adrenocorticotropic hor- 
mone (25) reduce the level of this substance. Recent evidence indicates a 
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cytoplasmic redistribution of PNA in livers of rats on protein restriction, 
rather than a reduction in the absolute amount of this cellular substance 
(20). Threonine deficiency, under conditions reported here, does not alter 
the PNA content of liver. However, the rate of synthesis is depressed as 
compared to that of animals on the complete ration.!. Supplementary 
threonine stimulates the turnover to normal values within 8 hours. This 
effect also serves to differentiate the deficient from the normal animal. 

The phosphoprotein phosphorus is not altered in either concentration or 
activity by threonine deficiency. The data confirm other reports that this 
fraction is metabolically the most active of the components in the acid- 
insoluble, non-lipide residue (22, 26, 27). 


DISCUSSION 


Although phospholipide activity has been related to the lipotropic action 
of choline (3) in the choline-deficient rat, Horning and Eckstein (13) have 
observed that the increase in activity is not always paralleled by lipotropic 
action in all animals. In the present study an increased rate of synthesis 
with threonine was observed in at least 80 per cent of the rats in the 
experimental group, although no consistent lipotropism was demonstrable. 
Choline deficiency is ordinarily produced by the imposition of a stress of 
high levels of dietary fat on rats subsisting on low protein rations. The 
accumulation of abnormal amounts of liver lipides is usually explained on a 
failure of fat transport (28, 29). In the threonine-deficient animal, in 


_ which the level of dietary fat is low, the réle of fat transport is not clear. 


The occurrence of fatty livers may be related to an impaired fatty acid 
oxidation, which has been found associated with the mitochondrial fraction 
(30). This would presume that the depressed synthesis of the nucleopro- 
tein fraction in threonine deficiency bears only a casual relationship to that 
of phospholipides, because data obtained in this® and other laboratories 
(31, 20) indicate a very small amount of pentose nucleic acid associated 
with the large granule fraction. On the other hand, the microsome fraction 
contains relatively large amounts of pentose nucleic acid (31) and phos- 
pholipide,® which are intimately involved in the organization of this eyto- 
plasmic unit. 

It is not believed that the decreased turnovers of phospholipide and 
PNA phosphorus as found in this laboratory are necessarily specific changes 
resulting from threonine deficiency. On the contrary, initial experiments 
show that lysine deficiency, which produces fatty livers in rats (2) as well 
as a liver lipide pattern similar to that seen in threonine deficiency, also 
results in a depression of synthesis of phospholipides and PNA.® Choline 
deficiency, which decreases the turnover of phospholipides (32), is without 


Unpublished data. 
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effect on nucleic acid metabolism (33).2 Present opinion considers the 
alteration of phospholipide synthesis in choline deficiency as resulting from 
an inadequate supply of choline, which, together with the required fatty 
acids, glycerol, and phosphate, is synthesized into the lecithin molecule. 
A dietary restriction of threonine, lysine, or other essential amino acids 
required may result in a reduction of the activity of the phospholipide- 
synthesizing enzymes to a level at which normal function is not possible. 
This change could be effected through a reduction in the amount of these 
enzymes, resulting from either an inadequate supply of amino acids to be 
synthesized into enzyme, or an impairment of the system by which these 
enzymes are elaborated. In regard to the latter, Spiegelman and Kamen 
(26) have suggested that nucleoproteins may be ‘‘specific energy donators, 
which make possible reactions leading to protein and enzyme synthesis.” 


SUMMARY 


Threonine deficiency in rat depresses the rate of synthesis of the phos- 
pholipide and nucleoprotein phosphorus fractions of liver. Supplementary 
threonine stimulates the turnover to near normal values within 8 hours. 
These changes are not observed in either small intestine or kidney. In rats 
on adequate rations the rates of synthesis of these fractions are unaffected 
by the amino acid supplement. 

Fractionation of the liver nucleoprotein phosphorus residue indicates 
that the synthesis of PNA, but not RNA or phosphoprotein, 1s depressed 
in the deficient animal. 


The authors are grateful to Mr. Horace Hayes and Mr. Fred O. Kessler, 
Jr., for the care of the animals employed in this investigation and for ana- 
lytical assistance. 
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THE LIPOTROPIC ACTION OF THREONINE AND RELATED 
SUBSTANCES IN THE RAT* 


By S. A. SINGAL, S. J. HAZAN, V. P. SYDENSTRICKER, anv 
JULIA M. LITTLEJOHN 


(From the Departments of Biochemistry and Medicine, Medical College of Georgia, 
Augusta, Georgia) 


(Received for publication, July 16, 1952) 


With the discovery of threonine through its essentiality in the growth of 
the rat, it became possible to raise animals on synthetic diets completely 
devoid of protein (1-3). However, the metabolic fate of this amino acid 
is still largely unknown today. Its importance in the growth of micro- 
organisms (4) and in the maintenance of nitrogen equilibrium in older 
animals (5-7) has been demonstrated. p1i-Threonine and the stereoisomer 
pL-allothreonine are glycogen formers and can decrease the ketonuria re- 
sulting from butyric acid (8). The synthesis of glycine from these amino 
acids has been reported (9). Threonine prevents the nephrotoxic effect of 
pi-serine (10) in rats and antagonizes the same amino acid in lactie acid 
bacteria (11). 

In a recent report from this laboratory it was shown that fatty livers 
could be produced in rats on low casein or amino acid rations containing a 
suboptimal amount of threonine (12). It seemed of importance, therefore, 
to assay the lipotropic action of some compounds related to threonine in 
order to determine the existence of any relationship between structural 
specificity and the prevention of fatty livers. 

The data obtained with p-, L-, and pi-threonine, pi-allothreonine, and 
pL-homoserine are presented here. 


EXPERIMENTAL 


Wistar strain rats, 22 days old, were used in these experiments. The 
deficient amino acid ration containing suboptimal amounts of threonine 
consisted of L-arginine- HC! 0.45, t-histidine- 0.35, t-lysine- HCI 0.78, 
L-tyrosine 0.58, L-tryptophan 0.31, pi-phenylalanine 0.47, L-cystine 0.23, 
pL-methionine 0.32, pi-serine 0.54, pi-threonine 0.70, t-leucine 1.09, pL- 
isoleucine 1.17, pu-valine 1.56, L-glutamic acid 3.49, L-aspartie acid 0.57, 
glycine 0.05, pi-alanine 0.51, sucrose 77.5, salts (13) 4, cottonseed oil 3, 
and cod liver oil 2 parts. Vitamins were incorporated into 100 gm. of diet 
at the following levels: thiamine 1.0, riboflavin 1.0, pyridoxine 1.0, calcium 


* Acknowledgment is made of aid from the United States Public Health Service 
and the United States Atomic Energy Commission (contract AT-(40-1)-232). 
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pantothenate 2.0, choline chloride 200, 2-methyl-1 ,4-naphthoquinone 0.5, 
inositol 10, biotin 0.02, and folic acid 0.2 mg. a-Tocopherol was adminis- 
tered at a level of 1.0 mg. per rat per week. Supplementary amino acids 
replaced an equal weight of sucrose. 

At the end of the experimental period of 28 days the rats were killed by 
decapitation. The livers were removed and extracted for total lipides by 
the method of Tucker and Eckstein (14). 

The supplementary amino acids, p-, L-, and pL-threonine, were commer- 
cial preparations (Winthrop-Stearns). pL-Homoserine was synthesized by 
the method of Armstrong (15), and pti-allothreonine by the procedure of 
Carter and Zirkle (16). A commercial preparation of allothreonine (Win- 
throp-Stearns) was also used during the last part of the investigation. 


I 
Lipotropic Activity of Threonine and Related Compounds* 


a. | Diet | Gain per 4 wks. Liver lipidest 

12 | Deficient 50 + 6 12.8 + 0.9 
12 | + 0.4% pvu-threonine 89+5 5420.5 
| + 0.2% u-threonine  82+t4 | 5620.1 
12 oe + 0.2% pv-threonine 48 + 5 12.3 + 0.6 
1] + 0.4% pt-allothreonine 48 + 5 11.9 + 0.6 
12 " + 0.4% pi-homoserine 56 + 4 13.6 + 0.6 


* The values include the standard error of the mean. 
t Liver lipides expressed as per cent of fresh tissue. 


The data shown in Table I summarize the lipotropic and growth-promot- 
ing action of these compounds. <A supplement of 0.4 per cent pL-threonine 
to the deficient diet (total 1.10 per cent) increases the growth rate to a 
near optimal value characteristic of the Wistar strain rat in this laboratory. 
The liver lipides are reduced to 5.4 per cent, which is within the range of 
values found for animals on high casein or stock rations. It is evident that 
both the growth and lipotropic effect of the supplement can be attributed 
entirely to the presence of the Lt form, as the unnatural isomer is without 
any effect whatever in either case. The p form does not interfere with the 
utilization for growth of any of the L form already present in the deficient 
diet. pxi-Allothreonine, a mixture of the other two stereoisomers of a- 
amino-8-hydroxybutyric acid, is also inactive in regard to growth and 
lipotropism. These growth data confirm the original findings of the Uni- 
versity of Illinois laboratory (3). Grau has observed that the chick also 
uses only the L-amino acid for growth (17). 

The inability to utilize the unnatural amino acid suggests that the first 
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step in the metabolism of threonine may not be deamination. Some ex- 
planation is found in the report of Elliott and Neuberger (18) that thre- 
onine and lysine do not accept nitrogen from the metabolic pool labeled 
with N'®-glycine. In this regard the metabolism of threonine is similar to 
that of lysine, which shows alteration of other parts of the molecule before 
a deamination (19). However, in lower organisms a threonine deaminase 
has been reported (20). 

Homoserine has been shown to be the precursor of threonine and methio- 
nine in Neurospora (21) and has been suggested as a product of the en- 
zymatic cleavage of cystathionine (22). In the present experiments homo- 
serine exhibits no growth-promoting or lipotropic action in rats on a 
threonine-deficient diet (1). However, this does not preclude the possibil- 
ity that homoserine is an intermediate step in the metabolism of threonine. 

The data obtained indicate that the structural requirements for lipo- 
tropism are similar to those for growth.' In regard to the latter, it has 
previously been shown that a direct relationship between growth and lipo- 
tropism is not always demonstrable. A stimulation of growth by sub- 
optimal amounts of threonine results in the deposition of abnormal amounts 
of liver lipides (12). 


SUMMARY 


The lipotropic action of p-, L-, and pi-threonine, pi-allothreonine, and 
pL-homoserine has been determined in rats on a diet containing a subop- 
timal amount of threonine. Of these substances, only L-threonine pre- 
vented fatty livers and stimulated growth on the deficient diet. 


The authors are grateful to Mr. Fred ©. Kessler, Jr., for the care of the 
animals employed in this investigation. 
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ON THE BIOSYNTHESIS OF RIBONUCLEIC ACID PURINES 
AND THEIR INTERCONVERSION IN YEAST* 


By STANLEY E. KERR anno FRANZ CHERNIGOY 
(From the Department of Biochemistry, American University of Beirut, Beirut, Lebanon) 


(Received for publication, June 3, 1952) 


In a previous study of the utilization of purines by yeast (1) it was shown 
that the yeast Torulopsis utilis incorporates adenine into both adenylic 
and guanylic acids of ribonucleic acid (RNA), whereas only guanylic acid 
is formed from guanine. It was also noted that the transformation of 
adenine into RNA guanyliec acid is inhibited when guanine is offered in 
amounts sufficient for the biosynthesis of the guanylic acid. These studies 
have now been extended to include the influence of each of the amino- 
purines, adenine, guanine, and 2,6-diaminopurine, on the incorporation of 
the others into RNA and on the de novo synthesis of purines. 


EXPERIMENTAL 


Freshly cultured 7°. ufilis was inoculated into sterile nutrient solution 
(2) containing the supplement (purine or formate) being studied. When 
the final volume did not exceed 20 ml., aeration was accomplished by 
shaking the mixture in large test-tubes (2). In balance studies, with a 
volume of 50 ml., the mixture was aerated with a stream of CO--free air, 
the evolved CO, being trapped in N NaOH. In all cases growth was con- 
ducted under sterile conditions at 30°. The period of growth and the 
concentration of supplements used are noted in Tables I to IV. 

The labeled compounds used were sodium formate-C™,' adenine-8-C™, 
guanine-8-C™, and 2,6-diaminopurine-2-C™? 

The procedures used for the separation of the RNA purines and the de- 
termination of specific activity are essentially those described previously 
(1). The precipitate containing desoxyribonucleic acid (DNA) and pro- 
tein (obtained in the course of the Schmidt-Thannhauser procedure (3)) 
was freed of RNA nucleotides by a second alkaline hydrolysis, followed by 
still another precipitation from alkaline solution. The precipitate was 
then subjected to acid hydrolysis and the liberated purines were precipi- 

* The authors acknowledge a grant from the National Institutes of Health, 
United States Public Health Service. 

' From the Oak Ridge National Laboratories. 

? The labeled purines were synthesized by Dr. M. E. Balis of the Sloan-Kettering 
Institute for Cancer Research. Our thanks are due to Dr. C. P. Rhoads and Dr. 


George B. Brown for their courtesy in furnishing us with these compounds, under 
license from the Atomic Energy Commission. 
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tated by silver sulfate. The insoluble residue (chiefly protein) found after 
the acid hydrolysis was dissolved in a minimum of NaOH and its activity 
determined on an evaporated aliquot. 

After separation of adenine and guanine by paper chromatography each 
eluted purine was determined spectrophotometrically (4), then evaporated 
to dryness in a glass planchet for the measurement of activity. 

In mounting purine specimens for measurement of activity, the use of 
metal planchets was found to be a source of error. Evaporation of the 
acid purine solution dissolves sufficient metal (copper or monel) to form a 
crust which masks much of the activity. Satisfactory results were obtained 
when the specimens were evaporated in a vacuum desiccator in flat plan- 
chets made of Pyrex glass (45 mm. diameter). All measurements made 
on non-acid solutions in monel planchets were corrected to the equivalent 
values for glass, the back-scattering on monel being 30 per cent higher than 
on glass. Activity of the specimens was determined in all cases on thin 
layers in a methane-filled flow counter. 

The activity of the CO, caught in NaOH was measured in barium car- 
bonate specimens of varying thickness ((5) pp. 85, 116) and corrected to 
that of an infinitely thin layer ((5) p. 318). 

The measurement of the activity of formate, particularly when mixed 
with the nutrient solution, offered some difficulty. Evaporation of the 
citrate-buffered solution (pH 5.2) on planchets in a vacuum desiccator 
resulted in almost complete loss of the formic acid by distillation, unless 
the sample on the planchet was maintained at an alkaline reaction until 
completely dry. 

The term specific activity, when used in this paper, refers to counts per 
minute per micromole. 

De Novo Synthesis of Purines—A study of the utilization of formate in 
the biosynthesis of RNA adenine and guanine and of the effect of preformed 
purines on this process was made in order to provide a basis for interpreting 
our data on the interconversion of purines in yeast. Edmonds, Delluva, 
and Wilson (6) have shown that growing yeast incorporates formate carbon 
at positions 2 and 8 in both adenine and guanine of the mixed nucleic acids. 
We have determined the specific activity of the purines in both RNA and 
DNA of yeast grown in the presence of formate-C™, 

Table I presents the results of a balance study in which 95 per cent of 
the formate is accounted for in various fractions of the yeast. Half of the 
activity is found in the RNA purines, the specific activity of the adenine 
and guanine being nearly equal and about 75 per cent that of the offered 
formate. ‘The specific activity of the purines in DNA was only 30 per cent 
less than that in the RNA. An important fraction (30 per cent) of the 


2 Radiation Counter Laboratories nucleometer. 
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formate was evolved as COs, and another was accounted for in the trichlo- 
roacetic acid extract.‘ Although the pyrimidine fraction is undoubtedly 
contaminated with traces of RNA adenine which escaped precipitation by 
silver, it is obvious that no significant amount of formate is taken up by 
the pyrimidines. The specific activity of the pyrimidines (assumed to be 
33.5 uM, t.e. equal to the sum of the purines) cannot be greater than 460 
¢.p.m. per uM. 

The addition of purines as supplements to the nutrient solution causes a 
marked change in the utilization of the formate (Table II). In the control 


Taste | 
Utilization of Formate-C™ by Yeast 
T. utilis grown for 20 hours in 50 ml. of aerated nutrient containing 50 uM of so- 
dium formate. Total activity 2.93 X 10° e.p.m. (58,500 ¢.p.m. per uM). 


Fraction studied | Recovery of activity 
| opm | 
Supernatant nutrient 21,200 0.72 
Trichloroacetic acid extract... . 340,000 11.6 
RNA Ad (17.5 ut X 42,900). Fore | 750,000 | 25.6 
Gu 16.0 “ 43,500)... 697 , 000 23.8 
DNA Ad (0.17 um 30,400)... 5,200 0.18 
Acid-insoluble (protein?) residue........_... oe 71,300 | 2.43 
Total . . 2,787,100 95.12 


Ad = adenine; Gu = Guanine. 
* Filtrate from silver purine precipitate; excess silver removed. 


experiment the specific activities of the adenine and guanine in RNA are 
again found to be identical, as in Table I. The addition of sufficient ade- 
nine to meet the requirements for synthesizing both RNA adenine and 
guanine results in a sharp curtailment of the formate used in preparing 
both adenine and guanine of RNA, the activities of these being 38 and 62 
per cent relative to the activity of these purines in the control experiment. 

The addition of guanine to the nutrient solution suppressed the utiliza- 
tion of formate for the biosynthesis of RNA guanine to a value only 16 
per cent that of the control, but enhanced the incorporation of formate 
into RNA adenine, the activity of the latter becoming 155 per cent that of 
the control. 


* The distribution of activity among the nucleotides of this fraction will be pre- 
sented in a subsequent paper. 
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2,6-Diaminopurine decreases the incorporation of formate into RNA 
guanine moderately, and at the same time increases the amount utilized 
for RNA adenine. 

Utilization of Preformed Purines—The experiments recorded in Table 
III show the effect of each of the aminopurines on the utilization of the 


TaBLeE II 
Influence of Aminopurines on Incorporation of Formate by Yeast 


In each experiment yeast was grown in 20 ml. of nutrient containing 11.85 uM of 
sodium formate (52,700 c.p.m. per uM) and the purine supplement. Growth for 
20 hours at 30°; shaken continuously. 


j 


RNA adenine RNA guanine 

C.p.m. Relative C.p.m. Relative 
| per uM activity perymM | activity 
per cent per cent 

None 4.63 16,000 100 4.98 16,100 100 

2 10 wm Ad 4.84 | 6,000 38 «4.589, 900 62 

3 10 Gu 4.78 24,800 «155 «5.64 2,600 16 

4 10 ** DAP* 3.52 23,300 146 4.14! 11,400 71 


* DAP = 2,6-diaminopurine. 


TaB_Le III 
Incorporation of Purines into RNA of Yeast 


7. utilis grown in 10 ml. of nutrient containing the purine supplements; aeration 
provided by shaking at room temperature (27—29°) for periods varying from 14 to 
26 hours. 


Offered in nutrient medium Recovered in RNA 
Labeled purine Adenine Guanine 
| | | | | per cent | | per cent 
la DAP (1.28) 270,000 1.77/ 600, 100 1.87| 81,000 100 
Ib “1,28, 270,000 Ad 0 2.83 100 60,000 
le 1,28) 270,000 Gu 5.0 2.16 110) 18 2.46) 42,000 52 
2a ‘ 1.44) 270,000 | 1.00: 7 100 1.16) 91,000 
2 270,000 | Ad 5.0 2.28 150 20 2.34! 40,000 44 
2e 1.44] 270,000; Gu | 5.0 /1.83 80, 11 2.01) 26,000, 29 
3a Ad 4.5 | 105,000 3.48 51,000 | 100 
3b | = 4.5 | 105,000 | DAP | 5.2 2.93 58,000 | 114 
3e 4.5 | 105,000 Gu | 5.0 3.28 53,000 | 104 
4a 1.84) 58,000 2.90 60 
tb“ 1.84) 58,000 DAP | 5.2 {1.91 120 


ot 

fo 

a 

ty 
ta 
in 

a 

= tc 
di 
nl 

tl 

0 
= b 

e 

( 
\ 

( 


S. E. KERR AND F. CHERNIGOY 89] 


others for RNA synthesis. In confirmation of earlier work (1) adenine is 
found to be utilized extensively by yeast for the synthesis of both RNA 
adenine and guanine, the specific activity of the adenylic acid becoming 
twice that of the guanylic acid (Table III, Experiment 3a). The simul- 
taneous offering of unlabeled 2,6-diaminopurine causes a slight increase 
in the activity of the RNA adenine and a slight decrease in that of the RNA 
guanine. Guanine, offered together with labeled adenine, diminishes the 
activity of the RNA guanine, but not that of the RNA adenine. 

As previously noted (1), exogenous guanine is incorporated extensively 
into RNA guanine but not into adenine (Table III, Experiment 4a), except 
to a very slight extent, as was observed also in the experiments with labeled 
diaminopurine. The simultaneous offering of diaminopurine has no sig- 
nificant effect on the utilization of the guanine (Experiment 4b). 

The results of experiments with labeled 2,6-diaminopurine show that 
this compound is transformed into RNA guanine by growing yeast, the 
specific activity of the guanine being about 30 per cent that of the offered 
diaminopurine (Table III, Experiments la and 2a). Slight activity was 
observed in the RNA adenine. It is doubtful whether this can be explained 
by contamination with guanine, since the areas between the adenine and 
guanine spots of the paper chromatogram were entirely devoid of activity.® 

When guanine is offered in excess of the labeled diaminopurine and in 
excess of the requirements of the growing yeast, the activity of the RNA 
guanine is sharply diminished (Experiments le and 2c). Under the same 
conditions the administration of adenine results in a lowered activity for 
RNA guanine (Experiments Ib and 2b). 

In Tables II and III data are presented for the quantities of adenine 
found in yeast RNA in each experiment. These figures serve as a measure 
of RNA synthesized and indirectly of yeast growth. ‘The inhibition of 
yeast growth by 2,6-diaminopurine is noted in Table I], Experiment 4, 
and also in Table III, Experiments la and 2a. This inhibition is corrected 
by adenine (Experiments lb and 2b) and to a lesser extent by guanine 
(Experiments le and 2c). 

The extent to which the labeled formate or purine is incorporated into 
RNA purine can be calculated from the recorded micromoles of purine and 
the specific activity of each. It is evident from the data in Tables II and 
III that only a fraction of the C™ offered has been recovered in the RNA 
purines. In the case of formate, the fate of the remainder is indicated in 
Table I. Several balance experiments were conducted with labeled adenine 


5 In the chromatographic separation of the purines on paper the solvent used 
was n-butanol saturated with 0.1 Nn NH,OH. In this system the purine spots are 
restricted to a smaller area than when n-butanol saturated with water is used as 
the solvent in an atmosphere of ammonia (4). 
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and 2,6-diaminopurine as supplements, the recovery of activity varying 
from 50 to 93 per cent. 

The distribution of activity among various fractions of the yeast when 
2 ,6-diaminopurine-2-C" was offered as a supplement is shown in Table IV. 
All but 2.2 per cent of the purine disappeared from the nutrient medium; 
a similar amount was found in the trichloroacetic acid extract of the yeast, 
and at least half of this was in the form of nucleotides. RNA guanine 
accounted for 80 per cent of the activity, but it will be noted that the 
specific activity of the guanine in DNA is even higher than that of the 


TaBLe IV 
Utilization of 2,6-Diaminopurine-2-C by Yeast 
T. utilis grown for 48 hours in 50 ml. of aerated nutrient containing 4.67 um of 
2,6-diaminopurine-2-C!*. Total activity 1.2 e.p.m. (270,000 ¢.p.m. per uM). 


Fraction studied Recovery of activity 
i offer 
| 26 , 600 2.22 
Trichloroacetic acid extract......................... | 30, 000 2.50 
Acid-insoluble (protein?) residue.................... 3,600 0.30 
1,115,600 | 92.97 


* Filtrate from silver purine precipitate; excess silver removed. 


RNA. Care was taken, as noted above, to insure removal of RNA nucleo- 
tides by three precipitations from alkaline solution. <A significant portion 
of the C'™ was recovered in the evolved COs, indicating disruption of the 
purine ring. This was observed regularly in three other experiments with 
diaminopurine and in one with adenine. 


DISCUSSION 


The experimental results suggest the following conclusions. (a) In the 
biosynthesis of RNA adenylic acid, preformed adenine is utilized even more 
extensively than formate (Table II, Experiment 2). This process is not 
blocked by either guanine or diaminopurine (Table III, Experiments 3b 
and 3c). (b) Out of each 3 moles of adenine incorporated into yeast RNA, 
2 are used for adenylic and 1 for guanylic acid (Table III, Experiment 3a). 
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The effect of adenine on the utilization of formate (Table II, Experiment 
2) is explained by this. (c) Guanine and, to a lesser extent, diaminopurine 
suppress the utilization of adenine for the synthesis of guanylic acid (‘Table 
III, Experiments 3b and 3c). This is explained by the fact that guanine 
is readily utilized in the synthesis of guanylic acid (Experiment 4a), while 
it suppresses almost completely the utilization of formate in guanylic acid 
synthesis (Table II, Experiment 3). (d) Diaminopurine serves readily as 
a precursor of RNA guanine but not of adenine (Table III, Experiments 
la and 2a). Guanine in 4-fold excess suppresses the utilization of diamino- 
purine (Table III, Experiments le and 2c), as does adenine to a lesser 
extent (Experiments lb and 2b). Diaminopurine suppresses the utilization 
of formate for guanylic acid synthesis to about the same extent as does 
adenine (Table II, Experiment 4), but less effectively than guanine (Ex- 
periment 3). (e) The increased utilization of formate for adenylic acid 
synthesis in the presence of guanine or diaminopurine (Table II, Experi- 
ments 3 and 4) could result from the surplus formate made available, as 
guanine and diaminopurine themselves serve for guanylic acid synthesis. 

The failure of excess diaminopurine to suppress markedly the utilization 
of guanine in the synthesis of guanylic acid (Table III, Experiment 4b) 
may be of significance in connection with the hypothesis of Bendich, Furst, 
and Brown (7) that diaminopurine serves as an intermediate in the trans- 
formation of adenine to guanylic acid. The observations of these workers 
that diaminopurine is utilized for the synthesis of guanine but not of ade- 
nine in both RNA and DNA in the rat is confirmed by our experiments for 
yeast as well (Table IV). If, however, diaminopurine were an obligatory 
intermediate between adenine and RNA guanine, an excess of unlabeled 
diaminopurine should diminish sharply the activity of any RNA guanine 
synthesized from labeled adenine. The results of our experiments (Table 
III, Experiment 3b) show only a slight (12 per cent) dilution in the activity 
of the RNA guanine resulting from the diaminopurine supplement com- 
pared with the control. It is difficult to reconcile this result with the 
hypothesis that adenine is first transformed into diaminopurine. _ It is pos- 
sible that adenine is first converted to adenosine, then in turn to diamino- 
purine riboside and guanosine. On the basis of this hypothesis our results 
suggest that, in the formation of the riboside, adenine is accepted by the 
enzyme system in preference to diaminopurine. 

The utilization of formate by yeast in the biosynthesis of the DNA pu- 
rines differs in some respects from that observed in experiments with bone 
marrow (8) and the viscera of rats and chicks (9). In these tissues much 
more formate was incorporated per mole of purine in RNA than in DNA, 
whereas in yeast the purines in DNA attain almost as high a specific activ- 
ity as in RNA. Such differences may be attributed to the fact that the 
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nucleic acids of rapidly growing yeast are being newly synthesized, while 
in the experiments on bone marrow, rats, and chicks any incorporation of 
formate represents a replacement process. It is of interest to note also 
that in our experiments the transformation of 2,6-diaminopurine into gua- 
nine was not less in DNA than in RNA. 


SUMMARY 


Rapidly growing yeast (Torulopsis utilis) incorporates formate-C™ into 
the purines of both RNA and DNA, the specific activities of adenine and 
guanine being equal in the RNA and only slightly less in DNA. 

Adenine represses the incorporation of formate into both RNA adenine 
and guanine. Guanine and 2,6-diaminopurine repress its incorporation 
into guanylic acid, enhancing its utilization for the synthesis of RNA 
adenine. 

The effect of each of the aminopurines adenine, guanine, and 2,6-dia- 
minopurine on the incorporation of the others in RNA is reported. 

2,6-Diaminopurine is utilized by yeast for the biosynthesis of guanine 
but not adenine in both RNA and DNA. 

A portion of exogenous purine is converted to CO, by yeast. 
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Fat(s): Metabolism, plants, Newcomb 
and Stumpf, 233 
Fatty acid(s): Higher, peanut cotyle- 
dons, biogenesis in vitro, Newcomb 
and Stumpf, 233 
Oxidation in vitro, adenosinetriphos- 
phate réle, Witter, Newcomb, and 


Stotz, 703 
Synthesis, epinephrine effect, Hau- 
gaard and Stadie, 753 


—, hyperglycemic-glycogenolytic fac- 
tor, effect, Haugaard and Stadie, 

753 

Feces: Stercobilin, crystalline, isolation, 

Watson, Lowry, Sborov, Hollinshead, 

Kohan, and Matte, 697 

Urobilin, crystalline, isolation, Wat- 

son, Lowry, Sborov, Hollinshead, 

Kohan, and Matte, 697 


Fibrin: Fibrinogen conversion to, inter- 


mediate polymers, electron micros- 
copy, Kaesberg and Shulman, 


293 
Fibrinogen: Fibrin from, intermediate | 
polymers, electron microscopy, 
Kaesberg and Shulman, 293 | 


Flavin: -Adenine dinucleotide, liver cho- 
line oxidase, réle, Ebisuzaki and Wil- 


liams, 297 
Folic acid: Blood, Toennies, Frank, and 
Gallant, 23 


Fructose: Carbon 14-labeled, liver met- 
abolic defects, use in study, Wyshak 
and Chaikoff, 851 

Fructose-1 ,6-diphosphate: Cyclohexyl- 
ammonium. See Cyclohexylam- 
monium fructose-1,6-diphosphate 

Fungus: See also Ophiostoma 


G 


Globulin(s): Nucleus, isolation, Airk- 
ham and Thomas, 
Glucose: Carbon 14-labeled, liver me- 
tabolic defects, use in study, Wyshak 
and Chaikoff, 851 
-§-C'*, ascorbic acid from, in vivo, 
Horowitz and King, 125 


tion and enzyme reactions, Meister, 
571 


53 | 


| 


INDEX 


Glutathione: Arginine and, transpepti- 
dation reaction, Kinoshita and Ball, 
609 
Carbon 14-labeled amino acids, in- 
corporation, diabetic tissue, Arahl, 
99 
Glyceraldehyde-3-phosphate dehydro- 
genase: Yeast, Arebs, 471 
Krebs, Rafter, and Junge, 479 
—, fractions precipitated by nucleic 
acid, electrophoresis, Arebs, 471 
Glycerophosphoric acid: I¢sters, hydrol- 
ysis, migration, Baer, Stancer, and 
Korman, 251 
Glycerylphosphorylethanolamine: IHy- 
drolysis, Baer, Stancer, and Korman, 
251 
Glycine: Acyl-. See Acylglycine 
Butyryl-. See Butyrylglycine 
Propionyl-. See Propionylglycine 
Growth: Carbon, fixed, turnover, effect, 
Buchanan and Nakao, 407 
Guanine: 8-Aza-. See Azaguanine 
-Requiring Ophiostoma strains, Fries, 
325 


Hemoglobin: Carbonyl-. See Carbony}- 
hemoglobin 
Standard, colorimetric, 
carbonylhemoglobin, Chilcote and 
O’ Dea, 117 
Hepatectomy: Brain amino acids, free, 
effect, Flock, Block, Grindlay, Mann, 
and Boliman, 529 
Muscle amino acids, free, effect, Flock, 
Block, Grindlay, Mann, and Bollman, 
529 
Hexokinase: Plant, Saltman, 145 
Histamine: Oxidation to imidazoleacetic 
acid in vivo, isotopic measurement, 
Tabor, Mehler, and Schayer, 605 
Histidine: a-C'*-, metabolism, Wolf, 
637 
Hyperglycemic-glycogenolytic factor: 
Fatty acid synthesis, effect, Hau- 
gaard and Stadie, 753 


lyophilized 


Glutamine: Keto analogues, prepara- Hypoxanthine: Aminopurine intercon- 


version in Tetrahymena geleii, rdle, 
Flavin and Engelman, 
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I _ Lipotropic action : Threonine and related 
| substances, Singal, Hazan, Syden- 
Imidazoleacetic acid: Histamine oxida-_ stricker, and Littlejohn, R83 
tion to, in vivo, isotopic measure- Liver: Cholesterol synthesis, hydrogen 

ment, Tabor, Mehler, and Schayer, | ion concentration effect, Curran, 
605 17 
Imino acid(s): Determination, photo- (holine oxidase, flavin-adenine di- 
metric ninhydrin, Troll and Cannan, nucleotide réle, Ebisuzaki and Wil- 
803 liams, 207 
Iminodipeptidase : Purification and spec- Cystine-S® partition, metabolic dis- 
ificity, partial, Davis and Smith, turbance, effect, Lee and Williams, 
373 451 
Inorganic phosphate: -Free blood serum Fatty, threonine-deficient and lysine- 
lipides, preparation, Van Slyke and deficient diets, effect, Singal, Hazan, 

Sacks, 525 Sydenstricker, and Littlejohn, 

Insulin: Biological activity, quantita- | 867 
tive relation, Stadie, Haugaard, and Metabolic defects, glucose-C'' and 
Vaughan, 745 fructose-C'' in study, Wyshak and 
Iodide: Blood, distribution, radioactive Chaikoff, R51 
iodide use, Owen and Power, a Mitochrondria, adenosinetriphospha- 
tase, Aielley and Kielley, 213 
K —, adenylate kinase, Siekevitz and Pot- 
ler, 187 


Kidney: Arginine synthesis from citrul- 

line, mechanism, Ratner and Petrack, 

175 

Kinase: Adenylate. See Adenvlate kin- 
ase 


Xanthine oxidase, determination, col- 
orimetric, Litwack, Bothwell, Wil- 
liams, and Elvehjem, 303 

See also Hepatectomy 

 Lumiequilin: Preparation prop- 
Hexo-. See Hexokinase erties, Hess end Benes, 620 
_ Lysine: -Deficient diet, fatty livers, ef- 

1. | feet, Singal, Hazan, Sydenstricker, 

and Littlejohn, 867 


Lactobacillus casei: Diaminopurine-re 
-Poor diet, blood plasma proteins, 


sistant, purine metabolism, Elion, 


VanderW erff, Hitchings, Balis, Levin, effect, Albanese, 787 
- Lysozyme: Chromatography, T'allan and 

and Brown, 
Stein. 507 


Purine ribotides, utilization, Balis, 
Levin, Brown, Elion, VanderWerff, 
and Hitchings, 1 | M 

Lecithinase: A, succinoxidase system, 


effect, Nygaard and Sumner, 723° Metabolism: Turnover, tritium as 
Leuconostoc citrovorum: Factor, con- tracer, Thompson, 731 
jugated, Doctor and Couch, 223. Methionine sulfoximine: Roth, Wase, and 

~~, natural materials, Chang, S27 Eichel, 647 
Lipase: Pancreas, polyoxyethylene sorb- | Mitochondrium: Aldehyde oxidation, 
itan effect, Minard, 657 Walkenstein and Weinhouse, 515 
Lipide(s): Blood serum, inorganic phos- _— Liver, adenosinetriphosphatase, Kiel- 
phate-free, preparation, Van Slyke | ley and Kielley, 213 
and Sacks, 525 | -, adenylate kinase, Siekevitz and 
Labeled, time course, Van Bruggen, | Potter, 187 


Hutchens, Claycomb, and West, 31 | Mold: See also Neurospora 
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Molybdate: Phosphates, organic, hy- 
drolysis, effect, Lutwak and Sacks, 
565 

Muscle: Amino acids, free, hepatectomy 
effect, Flock, Block, Grindlay, Mann, 


and Bollman, 529 
Myosin: -Adenosinetriphosphatase, 
Gergely, 543 


Neurospora: Cytochomes, Haskins, Tis- 
sieres, Mitchell, and Mitchell, 


819 


Succinoxidase, Haskins, Tissieres, Mit- — 


chell, and Mitchell, 819 
Nicotinamide : Spleen diphosphopyridine 
nucleotidase, effect, Zatman, Kaplan, 
and Colowick, 197 
Ninhydrin: Amino acid determination, 
photometric, T'roll and Cannan, 
803 
Imino acid determination, photo- 
metric, Troll and Cannan, 803 
Nitrogen: Requirement, Treponema, 
Steinman, Eagle, and Oyama, 775 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid: Metabolism, protein-low 
diet and fasting, effect, Cooper, 
155 
Ribo-. See Ribonucleic acid 
Yeast glyceraldehyde-3-phosphate de- 
hydrogenase precipitated by, elec- 
trophoresis, Krebs, 471 
Nucleotidase: Diphosphopyridine. See 
Diphosphopyridine nucleotidase 
Nucleotide: Di-. See Dinucleotide 
Nucleus: Globulins, isolation, Kirkham 


and Thomas, 53 

Phosphorylation, oxidative, 

Johnson and Ackermann, 263 


Octopus vulgaris: Salivary glands, enter- 
amine isolation, Erspamer and Asero, 
311 
Oil: Rape. See Rape oil 

Ophiostoma: Guanine-requiring strains, 
Fries, 325 
Organic phosphate: Hydrolysis, molyb- 

date effect, Lutwak and Sacks, 
565 


INDEX 


Oxidase: Choline. See Choline oxidase 
Succinic. See Succinoxidase 
Xanthine. See Xanthine oxidase 

Oxytocin: Electrophoresis, Aunkel, Tay- 

lor, and du Vigneaud, 550 


P 


Palmitic acid: Metabolism, fasting and 
pyruvate, effect, Geyer, Bowie, and 
Bates, 271 

Pancreas: Lipase, polyoxyethylene sor- 
bitan, effect, Minard, 657 

Ribonuclease, chromatography, Hirs, 
Moore, and Stein, 493 

Pantothenic acid: Choline and, defi- 

ciencies, effect, Morgan and Lewis, 
839 

Peanut: Cotyledons, fatty acids, higher, 
biogenesis in vitro, Newcomb and 
Stumpf, 233 

Pepsin: Egg albumin and, interaction, 
Yasnoff and Bull, 619 

Peptidase: Iminodi-. See Iminodipep- 
tidase 

Phosphatase: Adenosinetri-. 
osinetriphosphatase 

Blood serum, prostatic origin, deter- 
mination, Fishman and Lerner, 


See Aden- 


89 
Phosphate(s): Adenosinedi-. See Aden- 
osinediphosphate 
Adenosinetri-. See Adenosinetriphos- 
phate 
Inorganic. 
Organic. 
Phosphoferase: Pyruvic. 
phosphoferase 
Phosphoprotein: Tissue, phosphorus 32 
incorporation, Johnson and Albert, 
335 
See Gly- 


See Inorganic phosphate 
See Organic phosphate 
See Pyruvice 


Phosphoric acid: Glycero-. 
cerophosphoric acid 
Phosphorus: Fractions, synthesis, threo- 
nine deficiency, effect, Singal, Hazan, 
Sydenstricker, and Littlejohn, 875 


Mass 32, tissue phosphoprotein, in- 
corporation, Johnson and Albert, 

335 

Phosphorylation : Oxidative, nuclei, réle, 

263 


Johnson and Ackermann, 


| 
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SUBJECTS 


Plant(s): Fat metabolism, Newcomb and | 


Stumpf, 233 
Hexokinase, Saliman, 145 
Polyoxyethylene sorbitan: Pancreas li- 
pase, effect, Minard, 657 
Potassium: Pyruvic phosphoferase, ef- 
fect, Kachmar and Boyer, 669 
Propionylglycine: Formation, Clostrid- 
ium kluyvert enzymes, Katz, Lieber- 
man, and Barker, 431 
Protein(s): Adrenal, tissue protein mo- 
bilization, effect, Roberts, 77 
Blood plasma, lysine-poor diet, effect, 
Albanese, 787 
Fractions, carbon 14-labeled amino 
acids, incorporation, diabetic tissue, 
Kradl, 99 
-Low diet, nucleic acid metabolism, 
effect, Cooper, 155 
Phospho-. See Phosphoprotein 
Synthesis, cortisone effect, Clark, 
69 
Transamination, effect, 
Awapara, 537 
2, yeast, Krebs, Rafter, and Junge, 479 
Proteolysis: Enzymes, blood, Morrison 
and Neurath, 39 
—, — cell, red, Morrison and Neurath, 
39 
Protogen: B, biological conversion to 
protogen A, Seaman, 813 
Protozoa: See also Tetrahymena 
Purine(s): Amino-. See Aminopurine 
Diamino-. See Diaminopurine 
Metabolism, Lactobacillus casei, di- 
aminopurine-resistant, Elion, Van- 
derWerff, Hitchings, Balis, Levin, and 
Brown, 7 
Ribonucleic acid, yeast, biosynthesis 
and interconversion, Kerr and 
Chernigoy , SS7 
Purine ribotide(s): Lactobacillus casei 
utilization, Balis, Levin, Brown, 
Elion, VanderWerff, and Hitchings, 
l 
Pyruvate: Palmitic acid metabolism, ef- 
fect, Geyer, Bowie, and Bates, 271 
Pyruvic phosphoferase: Calcium effect, 
Kachmar and Boyer, 669 


depletion 
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Pyruvic phosphoferase continued: 
Potassium effect, Kachmar and Boyer, 
669 


R 
Rape oil: Erucic acid, adrenal choles- 


terol, effect, Carroll, 287 
Ribonuclease: Pancreas, chromatog- 
raphy, Hirs, Moore, and Stein, 

493 


Ribonucleic acid: Purines, yeast bio- 
synthesis and interconversion, Kerr 
and Chernigoy, 887 

Ribotide(s): Purine. See Purine ribo- 
tide 


S 


Salivary gland: Octopus vulgaris, enter- 

amine isolation, Erspamer and Asero, 

311 

Skin: Discoglossus pictus, enteramine 

isolation, Erspamer and Asero, 311 

Sorbitan: Polyoxyethylene. See Poly- 
oxyethylene sorbitan 

Spleen: Diphosphopyridine nucleoti- 

dase, nicotinamide effect, Zatman, 

Kaplan, and Colowick, 197 


Squalene: Biosynthesis, Langdon and 
Bloch, 129 
Cholesterol biosynthesis, utilization, 
Langdon and Bloch, 135 


Stercobilin: Crystalline, feces, isolation, 
Watson, Lowry, Sbhorov, Hollinshead, 
Kohan, and Matte, 697 

Succinoxidase: Veurospora strains, Has- 
kins, Tissieres, Mitchell, and Mit- 
chell, 819 

System, lecithinase A effect, Nygaard 
and Sumner, 723 


T 


Testosterone: -4-C'', metabolites, ex- 
cretion, Ashmore, Elliott, Doisy, and 


Doisy, 661 
Tetracosane: n-, natural sources, 
Schuette, Khan, and Nicksic, 319 


Tetrahymena geleii: Aminopurine inter- 
conversion, S-azaguanine and hy- 
poxanthine effect, Flavin and Engel- 
man, 59 
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Theophylline: Metabolism, Weinfeld and 
Christman, 345 
Threonine: a-Aminobutyric acid from, 
enzymatic, identification, Lien and 
Greenberg, 367 
Deficiency, phosphorus fractions, syn- 
thesis, effect, Singal, Hazan, Syden- 
stricker, and Littlejohn, 875 


-Deficient diet, fatty livers, effect, | 


Singal, Hazan, Sydenstricker, and 
Littlejohn, 867 
Lipotropiec action, Singal, Hazan, 
Sydenstricker, and Littlejohn, 883 


-Related substances, lipotropic action, 
Singal, Hazan, Sydenstricker, and 
Littlejohn, 


Transamination: Protein depletion, ef- | 


537 
requirement, 


fect, Awapara, 
Treponema: Nitrogen 
Steinman, Eagle, and Oyama, 


Nutritional requirements, Sternman, 
Eagle, and Oyama, 775 
Tritium: Metabolic turnover, use as 
tracer, Thompson, 731 


U 


Urea: Biosynthesis, Ratner and Petrack, | 


161 

Urine: Alloxan metabolism product, 
Paley, Seligson, and Lukens, 
Urobilin: Crystalline, feces, isolation, 
Watson, Lowry, Sborov, Hollinshead, 
Kohan, and Matte, 697 

-—~, preparation from bilirubin, Watson, 
691 


775 


Yeast: 


443 


INDEX 


Vv 


Virus: -Infected brain, carbon 14 in- 
corporation tn vitro, Moldave, Winz- 


ler, and Pearson, 357 

See also Bacteriophage 
Vitamin(s): Bs, Beaton, Beare, White, 
and McHenry, 715 


—, deficiency, biochemistry, Beaton, 
Beare, White, and McHenry, 715 


x 


Xanthine: Hypo-. See Hypoxanthine 

Xanthine oxidase: Liver, determination, 
colorimetric, Litwack, Bothwell, Wil- 
liams, and Elvehjem, 303 


Y 


Coenzyme A, purification, 
Beinert, Von Korff, Green, Buyske, 
Handschumacher, Higgins, and 
Strong, 385 

Glyceraldehyde-3-phosphate dehydro- 
genase, Arebs, 471 
Krebs, Rafter, and Junge, 479 

~-—, fractions precipitated by nucleic 
acid, electrophoresis, Arebs, 471 


Protein 2, Arebs, Rafter, and Junge, 
479 
Ribonucleic acid purines, biosynthesis 
and 
SS7 


and interconversion, <Aerr 


Chernigoy, 
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clean all this glassware 


IN | HOUR...WITHOUT BREAKAGE! 
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THE 
FISHER 


The above 917-piece load . . . including 
$00 Kahn tubes, 32 Petri dish components, 
\l Erlenmeyer flasks, 8 beakers, and 366 
serological pipettes... was delivered spar- 
kling clean by the Fisher Laboratory Glass- 
ware Washer one hour after the soiled glass- 
ware was placed in the washer cabinet. 
Not one piece of glassware was broken 
...and the operator was free for much of 
the hour to handle other duties. 
This case is typical of the way the Fisher 
Washer meets every glassware wa 
need for your industrial, research, hospital, 
or clinical laboratory. 
Special baskets are available to hold ail 
of laboratory glassware. You simply 
the proper baskets with the items to be 
deaned . . . attach to revolving drum inside 
cabinet . . . add detergent . . . and turn 
washer on. 
The machine washes, rinses, steams, and 
dries; removes salt deposits, blood clots, 


LABORATORY GLASSWARE WAS 


agar, rings, precipitates and wax pencil 
marks. It also solves a critical personnel 
problem by replacing an unpleasant, full- 
time chore with a simple, once-a-day 
mechanical operation. 

Two models are available: (1) Steam- 
Heated and (2) Electrically-Heated. 
Complete stocks of laboratory instruments, appa- 
ratus, reagent chemicals, furniture, and supplies at 
PITTSBURGH, NEW YORK, ST. LOUIS, WASH- 
INGTON, MONTREAL and TORONTO. For more 
information write: Fisher Scientific Co., 717 Forbes 
St., Pittsburgh 19, Pennsylvania. 


FISHER 
SCIENTIFIC 


America’s Largest Manufacturer 
Laboratory Appliances and Reagent Chemicals 
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The highly purified, stable forms of 
glucuronic acid are now available com- 
mercially for the first time as crystalline 
glucuronolactone, sodium glucuronate, 
and potassium glucuronate. 

Glucuronic acid has been found in the 
body as a structural constituent of essen- 
tially all fibrous and connective tissues. 
Both the acid and the lactone have been 
of biological interest for some time be- 


cause of their role in detoxification mech- 
anisms. Now with the synthesis from D- 
glucose commercial quantities of high 
purity glucuronolactone are available 
for research and use. 

The booklet covering the properties 
and clinical aspects of glucuronolactone 
is now being offered for your study. Send 
for your copy today. 


Fine Chemicals from Corn’ 
Chemical Division 


CORN PRODUCTS REFINING COMPANY 


17 BATTERY PLACE NEW YORK 4, 


FARRAND 


PHOTOELECTRIC 


FLUOROMETER 


“is precise and stable'’—‘“‘is easy to operate” 
“hes @ wide range of sensitivity” 


The Farrand Fluorometer is 
widely used by ee 
laboratories for research and 
routine fluorochemical an- 
alysis. It provides stability and linear response 
over a wide range of sensitivities for measurement 
of extremely low concentrations in micro or 
macro volumes of solution. Suitable for all 
fluorometric methods of analysis. 


A list < users and complete 
details this instrument 
may be had by writing for 
Farrand Bulletin #803. 


PRECISION OPTICS, 
ELECTRONIC AND 
SCIENTIFIC INSTRUMENTS 


FARRAND OPTICAL Inc. 


BRONX BLVD. and FAST 238th STREET NEW YORK 
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The Portable, Complete 
Electrophoresis Apparatus 


An ordinary laboratory bench, without 
special mountings, is sufficient for the installa- 
tion of The Perkin-Elmer Tiselius Electro- 
phoresis Apparatus. Precision-ground, achro- 
matic schlieren optics yield sharp, clear 
patterns. Operating the instrument is so 
simple that highly trained personnel are not 
required—a single technician can readily oper- 
ate two units. Measuring only 63 inches in 
length, the entire unit weighs 120 pounds and 
is constructed of heavy aluminum. It operates 
for several hundred hours under its own power 
system. 

The apparatus is shipped complete and pre- 


Schematic cutaway of the new 
Perkin-Elmer Model 38 Tiselius 
Electrophoresis Apparatus. 


Perkin-Elmer Tiselius Electrophor- 
esis Apparatus at the University 
Hospital of the New York Univer- 
sity—Bellevue Medical Center. 


focussed with a 2 cc Tiselius cell 50 mm long, 
cell holder, ice bath and stirrer, silver-silver 
chloride electrodes, open-end 250 cc buffer 
bottles, stainless steel needles for filling the 
cell, ground glass screen for visual observa- 
tion of the pattern, and a 33” x 4}” film holder. 
Double knife-edge and diagonal slit for use 
with a cylindrical lens are also included. 

The dependability, accuracy and simplicity 
of The Perkin-Elmer Tiselius Electrophoresis 
Apparatus have made it the choice of hospital 
and research laboratories throughout the 
world. 

Write today for complete information. 
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CVUMORICAL CAMERA BACK 
POSITIONING DRUM 
DRIVE CABLE 
CWIMORICAL LENS ARMA 


THE PERKIN-ELMER CORPORATION 


Norwa.k, C 


Leading manufacturers of Infrared Spectrometers, Continuous Infrared Analyzer, Uni- 
versal Monochromator, Flame Photometer, Tiselius Electrophoresis Apparatus, D. C. Am- 
plifiers, and other electro-optical instruments for analysis and research. 
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F. G. SULMAN. Mechanism of the chromatophorotrophic effect of ACTH. 


JENNIFER M. Butte, R. L. Kirk and H. Warinc. The effect of complete adrenalectomy on the wallaby 
(Setonyx brachyurus). 
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SPECIES SPECIFIC STOCK DIETS 
ARE ‘NORMAL’ anp 
7 CONTAIN 
NO ar.tibiotic residues, nor 
added B,. or APF 
from antibiotics. 


INSIST UPON ROCKLAND Fep ANIMALS 
AND MINIMIZE IRREGULARITIES. 


Order your Rockland diets by trade 
name through your local dealer from 


DIE 
| ARCADY FARMS 
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yectrophotometric solvents 

The solvents employed in in- 
fared and ultraviolet spectro- 
photometry are mostly such 
common ones as chloroform, 
cyclohexane, carbon tetra- 
chloride, methanol, iso-propyl 
akohol, etc., but highly un- 
common is the freedom re- 
quired from optically absorb- 
ing impurities. The primary 
producers from whom these 
solvents flow by the tank car 
are rarely prepared to supply 
them in spectrophotometric 
grade and in contamination- 
resistant 500 cc packaging. We 
are. (In special 3-liter bottles, 
100.) In the new 38th edition 
of the famous Eastman Or- 
ganic Chemicals catalog we 
designate them by the prefix 
“S$” before the catalog num- 


ber. There are an even dozen 


of them (so far), and we shall 
_ be happy to send you a small 
wall chart that gives their in- 


frared “‘windows”™ and ultra- 


violet cut-offs. 


For a free copy of the catalog and/or 


i 


chart, or to place your order for 
olvents, write Distillation Products 


industries, Eastman 


Organic Chemicals 
Department, Roch- 
ester 3, N.Y. 


£/0.75 


For cases where light must be 
husbanded to the utmost, as in 
certain experiments in cine- 
fluorography, we have devel- 
oped a lens that forms an im- 
age at an effective relative aper- 
ture of //0.80 or an equivalent 
fnumber of 0.75. Hereby is 
announced the availability of 
this lens for any job requir- 
ing an optical system capable 


) of laying down an exceedingly 


This is one of a series of reports on the many products and services 
with which the Eastman Kodak Company and its divisions 
re... serving laboratories everywhere 


sharp, flat image with just 
about the highest utilization of 
light rays that today’s lens de- 
signers can achieve. Here are 
some vital statistics about this 
new Kodak Fluro-Ektar Lens, 
110 mm //0.75. It's achroma- 
tized in the middle of the green 
(not for ultraviolet use). De- 
signed for 16:1 minification. 
Gives excellent definition of a 
12”-diameter object circle on a 
34 "-diameter image, good defi- 
nition over a 1|”-diameter im- 
age, acceptable definition out 
to a 144”-diameter image 
(which corresponds to the cor- 
ner of the #4” by 1” standard 
silent 35mm movie frame). 
Length of element array, 208 
mm; distance from object 
plane to first surface, 1808 
mm; distance from rear sur- 
face to image plane, 7.3 mm. 
Price on request.. 


If you have need for such prodigious 
lens “speed,” we suggest you get in 
touch with Industrial Optical Sales 
Division Eastman K Company, 
Rochester 4, N. Y. 


Microfilming 


There comes a day in the 
growth of a laboratory when 
the sheer physical volume of 
accumulated records becomes 
a menace. One way to keep 
from being inexorably 
drowned in paper is to take 
recourse in a giant-sized waste- 
basket. But, as night follows 
day, what is thrown out now 
winds up next week as a vitally 
needed scrap of paper reposing 
somewhere in a bale of waste. 
The answer, of course, lies in a 
well-planned system of micro- 
filming which lops off some 
98°. of the bulk of a mass of 
records. If you'd like to start 
thinking about it now, you can 
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Kodak reports to laboratories on: 


our new spectrophotometric solvents ...an f/0.75 lens ... reducing records 
by microfilming . .. our new guide to successful photomicrography 


find all the facts in a new 60- 
page booklet we have prepared. 


Just ask your Kodak dealer for the 
Kodak Industrial Data Book, ** Micro- 
filming with Kodagraph Micro-File 
Equipment and Materials.” It costs 
SO cents. 


Photomicrography 


Books, good ones, on the mi- 
croscope and its use are not 
particularly scarce. One of 
them came out in its 17th re- 
vised edition in 1947, running 
to 617 pages. We have just 
published a brand new one 
on photography through the 
microscope that has just 68 
pages, in the course of which 
our photomicrographic ex- 
perts hit the highlights on such 
matters as resolution, choice 
of camera and light sources, 
characteristics of photographic 
materials for photomicrogra- 
phy, determination of expo- 
sure, and the use of filters. 
Rung by rung, we take the 
reader up the ladder of proce- 
dural sophistication from a 
simple hand camera setup 
through bright-field, dark- 
field, reflected light, and polar- 
ized light techniques and on 
into the realms of color. We 
discuss the salient facts about 
ultraviolet, infrared, phase 
contrast, cinephotomicrogra- 
phy, and electron microgra- 
phy. It’s quite a booklet, and 
you can get it for just 50¢ from 
your Kodak dealer. Ask him 
for the Kodak Industrial Data 
Book, “Photography Through 
the Microscope.” 
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ADENYLATES, 
NUCLEATES, PURINES 
AND PYRIMIDINES 


Adenine Sulfate 
Adenosine 
Adenosine Diphosphate (Barium Salt) 
Adenosine-3-Phosphoric Acid 
(Yeast Adenylic Acid) 
Adenosine-5-Phosphoric Acid 
(Muscle Adenylic Acid) 
Adenosine (Dibarium 


alt) 
Adenosine Triphosphoric Acid 
AT P) 


( 

Adenosine Triphosphate 
(sodium salt) 
Cholic Acid 
Cytidilic Acid 
Cytosine 
Dehydrocholic Acid 
Desoxyribonucleic Acid 
Flavine Mononeucleotide 
(Ribonucleate) 
Glucuronic Acid Lactone 
Guanine Hydrochloride 
Guanosine 
Guanylic Acid 
Hypoxanthine 
Magnesion Neucleotide 
6-Methylthiouracil 
6-Methyluracil 
Nucleic Acid 
(Nucleinic, Ribonucleic) 
Sodium Choleate 
Sodium Nucleate 
Thiouracil 
Thymine (5-Methyluracil) 
Uracil 


Uridine 
Uridylic Acid 
Xanthine 


[A READY REFERENCE 
That will Save Time for You 


Use this catalog as a “one stop” 


Carbohydrates, Adenylates, Nu- 
cleates, Purines, Pyrimidines, Tetra- 
zolium Salts, Enzymes, Microbio- 
logical and Bacteriological Media, 
Complete Animal Test Diets and 
Ingredients for investigational use. 


GENERAL BIOCHEMICALS, 


64 LABORATORY PARK © CHAGRIN FALLS, OHIO 


WRITE FOR 
YOuR COPY 
TODAY 


Meets the Demands of Workers 


in Biology and Medicine 


Laboratory Technique 
in Biology 
and Medicine 


3rd Edition 
By E. V. Cowdry, Ph.D. 


Every technique you want—made quickly 
available by alphabetical arrangement. 

Structures: useful hints as to methods better 
adapted to their microscopic study, the 
most likely experimental errors, etc. 


Elements: most of those that can be localized 
microscopically are mentioned, also tech- 
niques for the determination of permea- 
bility, viscosity, etc. 

Techniques: also listed under the names of 
their discoverers. 

Anatomical and cytological terms: suggestions 
for effective treatment. 

Animal names: techniques particularly suited 
to the given group. 

Authors’ names: special methods proposed by 
these technicians. 


‘Tissues and body fluids: direct observation of 


living tissue; instructions for demonstrat- 
ing bacteria, protozoa, fungi, and certain 
animal parasites. 


References to source literature embodied in 
the text. 


Abundant cross-references. 


“The subject is covered so thoroughly that it 
is not possible to offer any constructive criti- 
cism.”—U. S. Nav. Med. Bull. 


413 pp. 
THE WILLIAMS & 


WILKINS COMPANY 


MT. ROYAL AND GUILFORD AVES. 
BALTIMORE 2, MARYLAND 


$4.50 


xUM 


ne 


ly 


McGrawHill 
TEXTBOOK OF BIOCHEMISTRY 


By PHILIP H. MITCHELL, Robert P. Brown Professor of Biology, Brown 
University. Second Edition, 695 pages, $7.00 


Offers a modernized and introductory presentation of the essentials of bio- 
chemistry, centering upon metabolism and human nutrition. Emphasis is 
given to the constitution and activity of enzymes, the intermediary reac- 
tions of anabolism and catabolism, and the vital significance of hormones 
and vitamins. All material has been —— up to date to include the re- 
sults of recent researches in this rapidly developing field. | | 


EXPERIMENTS IN BIOCHEMISTRY 


By M. S. DUNN, University of California, and WILLIAM DRELL, Uni- 
versity of California at Los Angeles. 197 pages, $5.00 


A guide to advanced laboratory work, including much more theory and 
reference data than is customary in lab manuals. Covers isolation, synthe- 
sis, analysis and determination of biological substances including amino 
acids, peptides, etc. Emphasis is in completeness of lab directions, yields 
and purity of products, precision and accuracy of quantitative data, in- 
tegration of qualitative tests for the identification of substances, explana- 
tion of chemical reactions, and quality of results. 


Send for copies on approval 
McGRAW-HILL BOOK COMPANY, Inc. 


'i——— 330 West 42nd Street New York 36, N. Y. —— 


PHOTOVOLT DENSITOMETER 


for 


CHROMATOGRAPHY 


A photoelectric precision 
instrument for the rapid 
and convenient evaluation 
of strips and sheets in 
filter paper chromatogra- 
phy and paper electropho- 
resis 


WRITE FOR BULLETIN # 800:TO 


PHOTOVOLT CORP. 


95 Madison Ave. New York 16, N. Y. 


Also Colorimeters pH Meters Electronic Photometers 
Fluorimeters Interference Filters Multiplier Photometers 


j 
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NEW Fast SCALER 


@ Wide sensitivity range, 

linear amplification from 
1 miltivels: to 1 volt for G-M and proportional 
counting ... New wide-range non-overloading 
amplifier ... Dependable drift-free power up to 
5000 volts, ‘continuously variable ... Electrically- 
reset register and timer... Easier to ‘read and use 
with new slope-mounted chassis... Write for 
complete information. 


Complete 1953 Catalog 


All Nuclear Instruments, Chemi- 
cals and Accessories are described 
in the complete 1953 Catalog. 
Write for your free copy today! 


nuclear INSTRUMENT & 
CHEMICAL CORP. 


267 West Erie Street e 10, "Illinois 
‘Branch Offices: New York, N. Y.—Los Angeles. 
Calif.—Silver Spring, Marylan 
nuclear “Precision Instrumentation for Nuclear 
Measurements’’ 
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QUANTITATIVE 
CLINICAL 
CHEMISTRY 


Second Edition 
Interpretations, Volume I 


by John P. Peters, M.D. 
and Donald D. Van Slyke, Ph.D. 


Completely rewritten and reset, Volume | 
covers 
Energy Metabolism 
Carbohydrates 
Lipids 
Protein Metabolism 
1051 pp., 362 figs., $7.00 


The Williams & Wilkins Co. 
Mt. Royal & Guilford Aves., Baltimore 2, Md. 


labeled cell metabolites 
and related key biochemicals 
are finding important use as 

_ research tools. * Available are: 
C14-]abeled ribonucleic acid, 
nucleotides, nucleosides, purine 
bases, amino acids, sugars and 
other yeast derivatives; 
S35-labeled glutathione, amino 
acids and intermediates. 
P32.Jabeled cell metabolites and 
radioactive compounds pre- 
pared by biosynthesis can be 
made to special order. * Write 
us for your radiochemicals 
requirements. * For top quality 
products at low cost, specify 
SCHWARZ for all your key 

’ biochemical requirements. 


SCHWARZ LABORATORIES, INC. 
230 Washington Street 


Mount Vernon, New York 
SL 291C 


THE NEW SERIES OF 


LaMOTTE WATER SOLUBLE 
ph INDICATORS 


(Sulfon-phthalein) pH 0.2—9.6 


In Sparkling Crystalline Form 


New, highly purified products, forming instant 
solution with distilled water. No alkali to be 
added—no mixing in motar—no filtering—no 
waiting. Simply add the proper quantity of 
the new LaMotte Indicator to distilled water 
in dilution flask and a brilliant solution of 
maximum sensitivity, stability, and tinctorial 
power results. 
Made exclusively by 


LAMOTTE CHEMICAL 
PRODUCTS COMPANY 


Dept. K Towson, Baltimore 4, Md. 


If you do not have the LaMotte Blood Chemistry Hand- 
book, a complimentary copy will be sent upon request 
without obligation. 
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versatile ...economical 


medium size 


SERVALL 
Angle Centrifuges 


Medical, Research and Chemi- 
cal technicians everywhere ac- 
claim the Medium Size SER- 
VALL Angle Centrifuges: Type 

M, Type SP and Type SP/X. 
All employ the same motor 


(which is equipped with an ex- 


clusive self-centering aevice and dynamic balance) and all are adaptable to various tube sizes 

by means of simple, convenient adapters. 

Type M, SP and SP/X Servall Angle Centrifuges have a rim dia. of 10 in., speed of 5000 
.m. and hold tubes at 40° angle. 

Type M holds 27 round bottom tubes of maximum 15 cc and is widely used in hospital rou- 


tine work. Has 27 metal holders. 


Type SP, frequently specified for research or routine work, holds six 75cc plain or 70cc con- 
stricted neck tubes. (Special unbreakable cellulose nitrate tubes of 80cc or less are also avail- 
able.) With adapters it will accommodate larger numbers of small tubes. 

Type SP/X (not shown) holds ten 50cc and five 15cc tubes. Readily available adapters for 
smaller tubes provide utmost versatility, 


Write for Bulletin B-21 
210 Fifth Avenue, New York 10, N. Y. 


fran all, inc. 


@2-Hydroxy-3-naph- 


NOW OVER 5900 cuemicats 


| @Hydroxytetronic Acid @Indoxylpotassium 


thoic Acid Hy razide e Ichtozyme Sulfate 
@a-Hydroxypalmitic @Idose,d @Inosine Triphosphate 
@ Imidazole-4 5-dicar- (Bariuss Sait) 
@ m-Hydroxyphenyl- boxylic Acid @lodine Pentafluoride 
ey Indane @ Iodine Trichloride 
serine @ Indigo Trisulfonate op 
@2-Hydroxyquinoline @Indole-3-acetaldehyde ~~~ (S 
@8-Hydroxyquinoline Iron Fluoride 
Glucuronide @ Iron Hypophosphite 
© 8-Hydroxyquinoline @Indole-3-pyruvic Acid @lIron Iodate 
Rhodanate @ Indole-3-valerianic @ Iron Iodide 
@8-Hydroxytetrahydro- Acid @Iron Oleate 
quinoline @8-Indolylbutyronitrile @lIron Salicylate 


Indoxyl @Iron Selenide 


Fp | Ask for our new complete catalogue 


17 West 60th St. 


New York 23, N.Y. Plaza 7-817] 
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Chemicals wanted by: 
NATIONAL REGISTRY OF RARE CHEMICALS 


Armour Research Foundation 
33rd, Federal, & Dearborn Sts., Chicago 16, Illinois 


Norepinephrine Camphoquinone 
Glycyl-L-phenylalaninamide 5 ,6-Dimethylbenzimidazole 
2 ,5-Dimethylthiophene 3-Aminothianaphthene 
Furocoumarin Scopine 

Benzoyl-L-(+ )-alanine a ,a-Diphenyl-6-methy] ful- 
2-Formy]-3-carboxylpyridine gide 

n-Pentacosanic acid Pyrimidine 
7-Hydroxy-2-naphthoic acid 2-Nitro-4-aminophenol 

2 ,3 ,4-Trichlorophenol Mellitic acid 

Glucosone Oxine-5-carboxylic acid 


COENZYME-A- 


Commercially available for the first time in purified form 


PADST ATP 


Disodium, Dipotassium, Dibarium 
Over 95% ATP 


DPA 


Electrophoretically Homogeneous 


Pabst Coenzymes are purified to meet the exact- 
ing requirements of modern biochemical research 


PABST LABORATORIES 


: Division of Pabst Brewing Company 
1037 W. McKinley Avenue Milwaukee 3, Wisconsin 
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